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Abstract
Power companies are always interested in the best possible monitoring equipment for their grid.
The power line multi-tool developed would aid in the monitoring of the power system’s
distribution network. This device assesses the current conditions of distribution power lines. The
device is able to measure current, detect downed power lines, as well as recognize fire starting
conditions, and have wireless communication for ease of access and installation. Overall this
device greatly aids in helping utilities monitor their grid in more detail.
With the increase of dry climates yearly, several utility companies are taking measures to aid in
the prevention of power line based fires. The use of the distribution line multi-tool gives power
companies an additional resource in fire prevention. With accurate data received, power
companies can take the necessary precautions to prevent power line based fires. One of the
deadliest and most destructive fires of recent history in Paradise California has put power
companies on high alert and motivated the state to provide funding to utilities to harden their
infrastructure and a product like this fits perfectly into this agenda of fire mitigation [1]. Figure
A.1 below shows destruction that power lines can cause [2], [3].

Figure A.1: Fires Caused By California Power Lines

xi

Chapter 1: Introduction
With hundreds of thousands of distribution lines throughout California’s vast terrain, monitoring
them has become a cumbersome task yet more necessary in recent years. With a drier than usual
climate, the environment has become more prone to fire, especially with areas with distribution
lines running through them. With high distribution voltages used and the occurrence of large
short circuits on these systems, downed power lines can create fire hazards. A number of factors
can cause downed power lines, which includes galloping from winds, impact based falls, and
excessive tension on distribution cables or poles. When these poles fall, they have the potential
to not only cause a short circuit, which can damage nearby equipment or turn off the power for
customers but also cause fires. These high voltages and extreme transient currents mixed in a
dry, wilted environment increases the opportunity for a fire to be started but for it to also spread
with ease.
With more individuals migrating to rural areas of the state, new distribution lines are needed in
less populated areas. While providing power to the resident is typically not an issue, the
monitoring of the power line is, especially when there are not many individuals in the vicinity. A
downed power line in the middle of a 10 mile stretch, can create havoc, especially if there is a
delay to determine whether or not the line has fallen. In an area like that, the residents without
electricity will call the utility to ask about the power but this of course takes time. It takes
seconds for a downed power line to start a fire and even longer for the utility to locate where the
line has fallen. When a power line falls, time is of the essence. Being able to quickly shut down
that portion of the grid where the line has fallen and repairing it is an immediate task for the
utility, but more importantly, preventing fires and the loss of life is the main priority. The
immediate threat of fires and the necessity in monitoring power lines in a world that relies on
electricity has given an opportunity for the development of a distribution line multi-tool that is
able to provide pertinent data about ambient weather conditions, downed lines and their location,
short circuit/normal load current measurements, and the ability to access this information with
ease.
This product is beneficial for power companies and the customers of power companies. This
product provides additional data to power companies that can be better used to determine if
operating lines at a given time is safe. This data can also be used to help determine the location
of a fault faster, which in turn can restore power to a given area faster. This is beneficial for both
the power company and consumers of power. Additionally, data from these devices can be used
to help prevent fires. Preventing fires is very beneficial as fires cause immense damages and
threaten the safety of humans and wildlife. Fires place a large burden on power companies and
on any population threatened by them, so fire prevention would immediately benefit these groups
of people.
There are products like this one on the market, but there are several factors that make this
product unique in the market. The most prominent wireless fault indicator available that is
similar to this device is made by Schweitzer Electric Laboratory [4]. SEL’s device is able to read
currents and make calculations on load. From this information, it extrapolates when there is a
steady fault condition. Our device has certain features that differentiates from the rest. The first
1

different feature will be the inclusion of an accelerometer on the device to detect with less false
positives, the falling of a conductor using sensing data from the accelerometer. The device also
includes a humidity and temperature sensor that aids in sensing fire conditions before or after a
wildfire event close to power lines. Finally, one of the most important factors of this device is
that it will be easy to install on current infrastructure and provide data reliably to the grid.

2

Chapter 2: Project Planning
To ensure that the distribution line multi-tool would be designed, constructed, and tested in a
timely manner and within a lenient budget, several steps were planned out in advance. For the
design stage, the customer needs and engineering specifications were considered and the overall
scope of the project was coordinated with functional decomposition blocks. A Gantt chart and
cost estimate were done to keep scheduling and budgeting in place when designing, constructing,
and testing.

2.1 Customer Needs Assessment
A power grid is an intricate, interconnected circuit that needs monitoring to ensure that power is
effectively and safely distributed to customers. If one branch of the power grid loses power,
hundreds of customers can lose power. However, more hazardously, downed power lines can
cause fires and loss of life. The power line multi-tool helps consolidate information into a
convenient, easy to install device that can be attached to new and old power lines while
providing pertinent information about fire conditions.
With power companies looking for new and efficient ways in fire mitigation at a reasonable cost,
the distribution line multi-tool can provide ways and means to provide valuable information to
the utility. There are thousands of distribution lines spanning California with several of these
distribution lines containing three phases. Power companies need a cost effective way to install
power line multi-tools across a vast terrain all the while communicating consistent and reliable
data to power utilities.

2.2 Requirements and Specifications
Many of the requirements and specifications of this device are based on the nature of the power
industry itself. Devices out on the power grid need to be resilient, reliable, and long lasting. With
California having different seasons and climates, the power line multi-tool needs to be able to
endure weather conditions and needs low maintenance to provide a worthwhile financial
investment. Since power lines are elevated in the air and carry the hazard of dealing with high
voltages on live circuits, installation needs to be practical, easy, and safe. Maintenance of the
multi-tool and the need to modify existing power lines also needs to be limited due to the hazards
of height and voltage. With these high voltages, power companies need for the device to be
reliable. The multi-tool also needs to be considerate of its weight and type of material used since
weight can cause powerlines to have unwanted tension and the material type can errode due to
the elements. Utilities value reliability heavily because when customers lose power, it costs the
utility money and resources for repair and maintenance.
A medium for data collection that minimizes new communication infrastructure is preferred in
order to minimize additional investment besides the device cost. Using wireless transmission to
send the data to a centralized hub allows for the collected data to be sent and helps give a
location proximity where the fault occurred or where fire conditions are a potential threat [5].
Adequate sampling needs to be done to obtain an accurate current measurement. Collected data
needs to be meaningful, especially if fire mitigation tactics are going to be used with the data
3

processed by the multi-tool. Besides just electrical conditions, environmental conditions can be
used for fire mitigation [6].
Table 2.1: Distribution Line Multi-tool Requirements And Specifications
Marketing
Engineering
Justification
Requirements
Specifications
1
Measure the following environmental
Humidity and temperature are representative
conditions:
of weather based fire conditions. Measuring
● Humidity (5-95%)
distribution line movement allows evaluation
● Temperature (-73 to 482 °C)
of the effects of wind on a line.
● Distribution Line Movement (≥ ±0.01
m/s2)
4, 5
Constructed out of rugged, lightweight
This is necessary in order to last for a long
materials.
time in the elements without putting tension on
distribution lines
3, 4
Meets IPX5 specification
IPX5 specification ensures protection against
any precipitation. This ensures that poor
weather doesn’t affect normal operation.
5
Able to interface with existing overhead lines
Should be installable without shutting down
without any modification of existing lines
power or modifying existing hardware
2
Measure current of distribution lines (0-1000 A) Measuring current is the primary means of
measuring fault conditions. This device will
help locate where a fault occurred
1,2, 3
Fast sampling speed of current (≥600Hz)
Fast sampling is needed in order to accurately
measure the current
6
Use 4G to communicate with a centralized data 4G is needed to wirelessly communicate data.
collection system
This allows for easy product use.
Marketing Requirements
1. Measures fire conditions on distribution lines
2. Measures fault conditions on distribution lines
3. Reliable
4. Weather resilient
5. Easy installation
6. Send collected data wirelessly
To ensure that the following project is completed in a timely manner, Table 2.2 below has
deadlines and objectives to complete throughout the duration of the academic year.

4

Table 2.2: Distribution Line Multi-tool Deliverables
Delivery
Date
2/14/20
3/6/20
3/6/20
6/1/20
6/5/20
6/9/20
6/9/20

Deliverable Description
Design Review
EE 461 Demo (Sensor Board PCB Designed and Printed)
EE 461 Report
Senior Project Expo Poster
EE 462 Demo
ABET Sr. Project Analysis Finalized
EE 462 Report

2.3 Functional Decomposition
To understand the overview of the distribution line multi-tool and how it operates from a
blackbox perspective, block diagrams were composed from a level 0 and a level 1. In Sections
2.3.1 and 2.3.2, the block diagrams and their decomposition are described.
2.3.1 Level 0 Block Diagram
The level 0 block diagram shows the most basic overview of the project. As seen in Figure 2.1
below, the multi-tool takes three inputs: a load current, environmental factors, and power. The
output is the 4G LTE RF signal that holds all the encoded sensor information. Table 2.3 briefly
describes the input, outputs, and functionality.

Figure 2.1: Distribution Line Multi-tool Level 0 Functional
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Table 2.3: Level 0 Functional Decomposition
Module

Distribution Line Multi-Tool

Inputs

-Power: Batteries and power current transformer
-Environmental Factors: (i.e. humidity, temperature, line position)
-Current Signal: Distribution line current is measured

Outputs

4G LTE RF Signal: Environmental factors and current signal data is encoded
and transmitted wirelessly

Functionality

Distribution line current and environmental factors are measured. This
measured data is then periodically wirelessly transmitted to a utility data center.
The environmental factors measured will give pertinent information in finding
fire-prone environments. The distribution line current measurements will
operate under normal load analysis and fault conditions. This device is
designed to be easily installed and rarely requires maintenance.

2.3.2 Level 1 Block Diagram
The Level 1 body diagram and decomposition provides a more in depth analysis as to how the
overall device works. The body diagram and decomposition provides a description as to how
each subsystem works by detailing its inputs, outputs, and functionality. Throughout the design
stage, the project was designed in modules. Each module is essentially a subsystem. As seen in
Figure 2.2 and Table 2.4, the subsystems working together allow the multi-tool to collect,
analyze, and send data that is pertinent to fire mitigation.
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Table 2.4: Level 1 Functional Decomposition
Module

Inputs

Outputs

Functionality

Current

Flux, Power

Current
Proportional To
Input Flux

This module is used for measuring the line
current during normal load and transients

Humidity

Ambient
Humidity

Encoded Humidity
Data

This module is used for measuring the
humidity of the environment

Temperature

Ambient
Temperature

Encoded
Temperature Data

This module is used for measuring the
temperature of the environment

Accelerometer

Acceleration,
Force

Encoded Voltage
Corresponding To
Acceleration

This module is used for measuring the
acceleration of the device

Microcontroller

Sensor Module
Data, Power

Transmitter Data

This device takes all the data from the sensors.
The device then compiles the data together
and analyzes in order to determine fault
conditions and fire conditions. Then this data
is encoded and sent to the transmitter

Wireless Transmitter
(SIM Module)

Microcontroller
Data

Wireless Data

This device takes data from the
microcontroller and then transmits it back to
the respective data center via 4G LTE
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Figure 2.2: Distribution Line Multi-tool Level 1 Functional

2.4 Project Planning
With having approximately 30 weeks to complete the project, the project had to be planned out
to allow adequate time to finish and to keep the project within a set budget. In sections 2.3.1 and
2.3.2, the Gantt Chart and Cost Estimate were planned to keep the project on track.
2.4.1 Gantt Chart
The Gantt chart incorporates several deadlines and estimated time projections to ensure that the
project is completed on time. These deadlines include initial research, design iterations, project
demos, testing, and report write-ups. Other factors incorporated in the Gantt chart include
shipping time, software development, and advisor meetings. In regards to the overall planning on
how the project will be organized and executed, two Gantt Charts were made in Figure 2.3 and
Figure 2.4. For the fall Gantt Chart, preliminary topics were to be discussed such as investigating
the ways the device will be powered, how communication will be enabled, and the type of
current transformer that will be purchased. Ideas for how the device will wirelessly communicate
were researched during the literature search [5], [7]. In the second Gantt Chart which includes
the winter and spring quarters, the device was developed in several modular steps with the first
step being the PCB design, then the enclosure design, and lastly software development. As each
successive module was done, overall system testing was initiated to ensure the overall success in
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implementing the device. For several of the design modules, time was allocated for needed
redesign and the time needed to order new parts.

Figure 2.3: Fall 2019 Gantt Chart

Figure 2.4: Winter and Spring 2020 Gantt Chart
2.4.2: Cost Estimate
In order to calculate the labor cost associated with the engineering design process of the project,
an equation from the Ford and Couslon book was used, see Figure 2.5 [8]. In regards to other
cost estimates found in Table 2.5, research was done on average prices for popular humidity and
temperature sensors, accelerometers, microcontrollers, and RF modules. For the current
transformer, research was done on a split core current transformer with its specifications
analyzed to see if they would meet the requirements of the distribution line multi-tool project [9].
A price on the needed circuitry, hardware, device casting material was also estimated in Table
2.5.
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Table 2.5: Cost Estimates And Justifications
Cost

Justification

Engineer Design For Four Engineers
(Labor)

$14,233.33

This project will require our labor which costs
money. Every engineer is paid for their work to
design and build a product and likewise we
should be paid for our work as well.

Sensing Current Transformer

$100

The current transformer measures the current
which is needed for our project because we
need to measure load currents and help the
device analyze fault conditions as well.

Power Current Transformer

$100

The power current transformer provides a way
and means to power the sensor electronics
through magnetic induction.

Humidity / Temperature Sensor

$10

This sensor will be used for sensing humidity
and temperature to measure the indication for
fire hazards. These sensors will aid our device
in analyzing fire starting probabilities.

Accelerometer

$5

This device is necessary for determining
downed wires conditions which is a necessary
aspect of our project. The accelerometer will be
able to detect motion on the wire which will
aid greatly in determining where the conductor
on a pole is with respect to other wires and the
ground.

Microcontroller

$60

This device is needed for signal processing.
The microcontroller will take in all the signals
from the sensors and other devices and perform
computations on these devices in order to
produce the desired output to the end user.

RF Module

$100

This device is needed for wireless
communication. This device needs to be able to
communicate with other devices close to it and
devices on the grid in order to transmit and
receive data.

PCB and Components

$200

This circuitry will include PCBs and other
common components needed for overall
design. Much of the electronics of the project

10

are currently undetermined but these devices
will be needed for the final project.
Hardware (Screws, Bolts, Adhesive, ….)

$50

These components are needed for putting the
enclosure together and keeping parts inside
from flopping around. The PCB and sensors
need to be mounted securely to the device in
order to improve reliability and robustness of
the project.

Device Casing/Material

$200

The device needs to have a robust enclosure in
order to last a long time. Utilities need devices
that last a really long time because it is
expensive to replace devices out in the field.

Testing

$100

In order to test modules of the device and the
device once integrated, resources need to be
allocated to build testing set-ups that would
provide realistic settings for the actual device if
it were on a power line.

20 % Safety Margin

$185

To account for fees such as shipping and
packaging or extra PCB components, a 20%
safety margin was accounted for.

Total Amount

$15,343.33

Wage = 35$/Hour
Each Engineer Allocates 90 Hours (Best Cost) = $3,150
Each Engineer Allocates 100 Hours (Most Likely) = $3,500
Each Engineer Allocates 120 Hours (Worst Cost) = $4,200
Take Into Account a Total of Four Engineers
Cost = (Costa + 4Costm + Costb )/6
Costa = Best Cost
Costb = Worst Cost
Costm = Most likely Cost
Cost = ( [3,150 * (4)] + [4* 3,500 * (4)] +[4,200 * (4)]) /6 = $14,233.33
Figure 2.5: Calculations For Labor Estimate
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Chapter 3: System Design
To meet the customer needs, engineering specifications, and overall goal of the project, several
modules were designed. In modular sections, each subsystem was designed to work individually
and then integrated together for overall device testing. For each module, both theory and
application were taken to account to ensure the best possibility of a successful device.

3.1 EMF Shielding Module
This device is always going to be in close proximity to distribution lines and this is a cause for
concern with the sensitive electronics involved in the project.
3.1.1 Introduction to EMF Shielding
Current going through a wire produces a magnetic field with its magnetic flux density (B)
U 0I
determined according to the Biot-Savart Law B = 2pi
. According to this law the magnetic flux
*r
density is directly proportional on the current going through the wire and inversely proportional
to the distance from the wire. Another important physical law that causes concern for the project
is Faraday’s Law which generally states that a time varying magnetic field will produce a
Electro-Motive Force (EMF) and thus a current if there is a path to flow. Faraday’s law states

EMF =

−N ΔΦ
ΔT

where N is the number of turns in the coil, ΔΦ(M agnetic F lux) = BA where B is

the field intensity and A is the area enclosed by the coil, and ΔT (Change in T ime) . Essentially
this law claims that EMF will be produced in a coil when its enclosed magnetic field changes
with respect to time. The magnetic field direction is always dependent on the alternating current
found on power lines, which changes the EMF polarity producing currents in loops of conductors
(Eddy Currents). This project encloses a lot of sensitive electronics on printed circuit boards and
this changing magnetic field will produce a current in the traces of the PCB without preventive
measures, which comes in the form of magnetic shielding.
3.1.2 Principles of Magnetic Shielding
One of the best ways to shield a device from magnetic interference is to place more distance
between the device and source of magnetic flux. However, this is not possible sometimes like in
the case of this device. Magnetic shielding material must be used to prevent interference in
sensitive electronics. Magnetic shielding materials work on the same principle as a magnet.
When there is no shielding material present, the magnetic flux is more spread out and penetrates
more surfaces. However, when a magnetic material is presented more field lines will be directed
towards the magnetic material and thus redirected from the device to allow shielding. This can be
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visualized with a horseshoe magnet, because most of the field lines are between the two vertical
segments as compared to a normal bar where the lines are more evenly dispersed, see Figure 3.1
[10]. When a magnetic shielding material is present, field lines will be directed towards the
material, attracting the magnetic field and limiting any interference to the electronics found in
the multi-tool.

Figure 3.1. Horseshoe Magnet Field Lines
3.1.3 Magnetic Material Choice
Different magnetic materials have different magnetic permeabilities. Magnetic permeability is
one of the most important parameters when choosing magnetic shielding material along with
cost, ease of use, and weight. Essentially, the magnetic permeability of a material directly
correlates with its resistance to formation of magnetic fields. One of the most important
equations relating the use of magnetic permeability is B=uH based upon Ampere’s law. B is the
field intensity measured in Teslas, u = u0ur where u is the permeability, uo is the permeability of a
vacuum, ur is the relative permeability, and H is the magnetic field strength in A/m. As seen, the
flux density is directly proportional to H, which will stay relatively constant with a constant load
on a power line and u which is dependent on the material. Thus a highly permeable magnetic
material must be used in order to best eliminate magnetic interference and redirect field lines.
One of the most common magnetic materials is Iron. However, for the multi-tool, this material is
rather heavy, hard to use, and not weather resistant. This led to the selection of the patented
magnetic material known as MuMetal ™ , which has a highly permeability at the desired
frequency of 60Hz as shown in Figure 3.2 below [11]. MuMetal ™ is also relatively low cost at
$20 for an 8.5” by 11” sheet at 0.004” thickness and easy to cut and relatively lightweight at this
thickness. Thus MuMetal ™ was selected for magnetic shielding purposes in order to provide a
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path of least resistance for the magnetic materials, protecting sensitive electronics from magnetic
interference.

Figure 3.2 Frequency Vs Initial Permeability Of MuMetal™

3.2 Power Electronics
The power electronics for the device were based around a few fundamental ideas. One idea was
that the device needs to be easy to install on a distribution line. This means that the device should
not be powered through an electrical connection to the distribution line as this would increase the
complexity of installation. Direct electrical connections to distribution lines would also pose a
great difficulty in ensuring the safe operation of the device due to the challenges associated with
isolating high voltage connections. Another guiding idea was that the device should be able to
function in a range of environments. This placed a limitation on solar power as solar power
would not perform well during the winter seasons in some regions of California. The final
guiding idea originated from the specification of needing to communicate with a centralized
location. Communication systems need a notable amount of power to function. This ruled out the
possibility of designing an ultralow power device that would run off a battery for years. Based on
these guiding ideas, inductive power transfer was selected to provide power to the device. Figure
3.3 shows a high level block diagram of the power electronics. Many of the design decisions are
discussed in later parts of this section.
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Figure 3.3: High Level Block Diagram Of Power Electronics
3.2.1 Current Transformer Input Stage
Given the scope of this project, a decision was made to purchase the hardware necessary for
inductive power transfer instead of manufacturing it. A split core current transformer was
selected as the means to transfer power from a distribution line to the device. Specifically, a
1000:5 current transformer (CT) was used for power. This was selected based on the ability to
handle a large range of currents and its power rating of 10VA. For comparison, the smaller
measurement current transformer is only rated for 1.2VA.
After selecting a current transformer, it was necessary to establish how a DC voltage source
would be derived from an AC current source and how the power drawn from the CT would be
limited. A full bridge rectifier was used to convert the AC voltage to a DC voltage. In order to
minimize ripple on the DC voltage and establish a small “buffer” in the event of a current spike,
large capacitors were selected to be used in the stage after the full bridge rectifier. Specifically,
three 1000uF, 50V electrolytic capacitors were selected. Active switching rectification was
considered in order to increase efficiency. The active switching rectification systems that were
investigated required an existing DC input voltage into a controller IC. In the event that the
device battery was dead, it would not be possible to provide this input voltage to an active
rectification system without first rectifying the AC input power. Because of this, passive
rectification was selected in order to reduce system complexity and allow for the system to more
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easily be started solely from inductive power. The input stage topology can be seen in Figure 3.4.

Figure 3.4: Current Transformer Input Stage
In Figure 3.4, the current transformer connects to X1 and DC power can be drawn from nets
DC_P_REG and DC_CTL. The reason for these two separate nets is to create isolation between
the power supplies for the sensor circuitry and the power control circuitry. DC_P_REG is used to
establish a 5V power rail for the sensor circuitry. DC_CTL is used to establish a 3.3V power rail
for control circuitry. Since more power was expected to be drawn from the 5V supply than the
3.3V supply, more capacitance was placed on DC_P_REG than DC_CTL in order to reduce the
voltage ripple on this node. The input stage was designed to provide input power when 50-400A
(RMS) is present on the primary of the current transformer. This was selected based on common
distribution line currents and design feasibility. Given the use of a 1000:5 current transformer,
50-400A on the primary yields a secondary current of 0.25-2A. This secondary current is the
input current to the power stage.
In order to ensure that the input stage did not have a catastrophic failure, components in this
stage are well overrated for what should be needed and a couple different methods of voltage
regulation were implemented. B560C-13-F diodes were used to create the full bridge rectifier.
These diodes are rated for an average forward current of 5A [12]. The average current through
each diode under normal operating conditions is calculated below and is well within the 5A
current limit. This calculation is based on the assumption that input current is sinusoidal. By
“oversizing” these diodes to handle much more current than they would typically experience, this
allows the input stage to better handle any fault currents that might occur on the primary of the
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CT.

I AV G =
I AV G =

2I pk
π

* (Duty Cycle)

2*(2A*√2)
π

* (0.5) = 0.90A

Additionally, the B560C-13-F diodes have a peak repetitive reverse voltage of 60V [12].
DC_P_REG (and DC_CTL) should never exceed 50V as this is the maximum voltage the
capacitors can handle. Given this condition, the maximum reverse voltage that the B560C-13-F
diodes should experience is about 51.4V (calculated in the equation below). This is within the
60V peak repetitive reverse voltage.

V R−M AX = V DC_P _REG−M AX + 2V D = 50V + 2(0.7V ) = 51.4V
MOSFETs Q1 and Q2 are used to regulate the maximum voltage on DC_P_REG and DC_CTL.
This is feasible because the CT behaves like a current source. When Q1 and Q2 are on, they
essentially short the current source. Since the current from the source is relatively constant, there
are no ill effects from shorting the CT, unlike when shorting a voltage source. Whenever a
threshold voltage is reached on DC_P_REG, Q1 and Q2 turn on. They stay on until DC_P_REG
has discharged by a certain threshold. When DC_P_REG is below a certain threshold, Q1 and
Q2 turn off. In this fashion, they regulate the maximum voltage on DC_P_REG and DC_CTL.
D5 and D6 prevent current from flowing from capacitors on DC_P_REG and DC_CTL through
Q1 and Q2 while these MOSFETs are on. The gates are switched with a 3.3V logic signal. With
a VGS of 3.3V, each MOSFET can conduct about 18A of current from drain to source according
to their datasheet [13], so this is not a concern. Each MOSFET is rated for a continuous drain
current of 5A [13]. Combined, they allow for a total continuous drain current of 10A. This is
well over the expected maximum of 2A during typical operating and allows for the input stage to
handle any fault currents on the primary of the CT. Additionally, the maximum VDS rating of Q1
and Q2 is 60V [13]. This exceeds the expected maximum voltage of about 50.7V calculated
below.

V DS −M AX = V DC_P _REG−M AX + V D = 50V + 0.7V = 50.7V
In the event that Q1 and Q2 are unable to regulated DC_P_REG due to a lack of power being
supplied to control circuitry, D1 and D2 are TVS diodes which can limit the maximum voltage of
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DC_P_REG and maximum voltage from nets LINE to NEUTRAL, respectively. D1 and D2 have
maximum clamping voltages of 48.4V and 59.3V respectively [14], [15].
The control circuitry for Q1 and Q2 has three conditions which result in Q1 and Q2 being turned
on. One condition is when DC_P_REG is larger than its target voltage. This is accomplished
through the use of a hysteretic comparator. The voltage on DC_P_REG is compared to a DAC
voltage and when DC_P_REG is greater than the DAC voltage, Q1 and Q2 turn on. The DAC
voltage can be set by a microcontroller, allowing the target voltage for DC_P_REG to be tuned
as needed. The second and third conditions for turning on Q1 and Q2 revolve around excessive
input current. In order to measure input current, an INA240A3 high side current sense amplifier
was used in conjunction with two comparators. When the magnitude of the current is larger than
a desired threshold, a signal turns on Q1 and Q2. Two comparators were used to compare the
maximum and minimum of the AC signal in order to turn on Q1 and Q2. The INA240A3 was
selected based on its ability to handle a common mode voltage of -4V to 80V on its sense inputs
and a high CMRR of typically 132dB [16]. The high common mode voltage is important as it is
expected to experience about -0.7V to 51.4V. The high CMRR allows for consistent
measurements regardless of the common voltage between the sense inputs.
In order to determine the value of the current sense resistor (R22 in Figure 3.4), it was necessary
to consider the gain of the INA240A3 and the current threshold which would switch on Q1 and
Q2, and the turns ratio of the CT. The gain of the INA240A3 is 100V/V [16] and the current
threshold was chosen to be 450A on the primary of the CT. 450A was chosen because it is about
10% larger than the maximum expected current of 400A, allowing for the current signal to come
close to filling the 0-3.3V set by the power rails without being limited by the power rails under
normal operating current. The INA240A3 centers the current sense signal around ½ Vsupply,
allowing for an AC signal to be superimposed between 0-Vsupply. Since Vsupply is 3.3V, the output
signal from the INA240A3 will be centered around 1.65V.

I CT −primary−pk = 450A * √2 = 636.4A
I CT −secondary−pk = 636.4A *

∣V sense−max ∣ =

V supply
2

Rsense = (

5A
1000A

= 3.182A

= (Rsense ) * ∣I CT −secondary−pk ∣ * AIN A240A3

V supply
2

) * (I

1
CT −secondary −pk

) * (A

1

IN A240A3

)
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1
1
Rsense = ( 3.3V
2 ) * ( 3.182A ) * ( 100V /V ) = 5.19mΩ

Based on the above calculation and the availability of parts, a 5mΩ current sense resistor was
selected.
3.2.2 5V Supply Stage
In order to supply power to the sensor electronics, it was necessary to establish a 5V supply rail.
The input to this stage is net DC_P_REG from Figure 3.4 and also the battery voltage. Given that
the battery voltage can range from about 3.1V to 4.2V and DC_P_REG can be as high as 50V
(although in practice it is set to a lower voltage), it was necessary to look into a buck-boost
topology with a large input range. Typically a buck-boost topology results in a negative output
voltage. However, for this design it was necessary to look into a non-inverting buck-boost
topology. The LM5118 buck-boost controller satisfied both of these needs. It creates a
non-inverted output voltage and can handle an input voltage from 3-75V [17]. One limitation of
this controller is that it requires at least a 5V input voltage in order to start the controller. This is
not concerning because this device is not needed to run immediately off of battery power. This
device is expected to be placed on an active distribution line and the battery is present to provide
power in the event that the distribution line is broken or turned off. Once the 5V input voltage
startup condition is met, the controller can continue to run with an input voltage down to 3V
[17]. Component selection for the controller was largely based on tools available from the
manufacturer of the controller, Texas Instruments. Specifically, they provided an excel
spreadsheet which handled many of the calculations. The controller was designed for an average
output current of 1A, which sufficiently exceeds the current demands of the 5V power rail.
In order to help avoid any unexpected voltage spikes on the 5V rail, a TVS diode from 5V to
ground was added in order to help suppress these. Additionally, in order to help reduce any EMF
in the feedback circuitry of the controller, the feedback circuitry was kept in a different physical
board location than the power components used for switching and filtering. Switching and
filtering circuitry was also kept close together in order to reduce the area of the board affected by
large switching currents. This is illustrated in Figure 3.5. A shielded inductor was also selected to
reduce EMF.
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Figure 3.5: Board Layout Of The 5V DC/DC Converter
Magenta Encapsulates the Area Enclosing the Converter
Bright Blue Encapsulates the Area Pertaining to Switching and Filtering
Bright Green Encapsulates the Controller and Feedback Circuitry
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It was also necessary to provide a means to power this stage from the battery when the power
from the CT is insufficient. This was accomplished through the use of an ORing diode
connecting the battery to DC_P_REG. A simplified diagram of this can be viewed in Figure 3.6.
Using a pn diode or schottky diode from the battery to DC_P_REG would pose a significant
problem because of the diode drop. At best with a schottky diode, the diode drop would be
around 0.5V. This would limit the minimum voltage that the battery could be discharged to while
still powering the 5V supply stage, essentially lowering the capacity of the battery. This is also
relatively inefficient and would decrease the length of time that the system could run from
battery. In order to resolve this, the LM74700-Q1 ideal diode controller was selected. It was
selected on its input range of 3.2-65V and ability to function without a constant DC supply (such
as a dedicated 3.3V source) [18]. The circuit used for this ideal diode configuration can be seen
in Figure 3.7.

Figure 3.6: Simplified Schematic Of ORing Diode Configuration Used To Supply Current To
5V Supply Stage
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Figure 3.7: Schematic Of Ideal Diode Controller And MOSFET

3.2.3 3.3V Supply Stage
The purpose of the 3.3V supply stage is to supply power to components used for controlling the
power stage as a whole. This stage was designed with around two main specifications. One
specification is that the current drawn from this stage would be 100mA or less. This was
established when considering the load on this supply. The other specification was that this supply
should have very low ripple on it. This specification was reached when considering that many of
the components on this supply measure and compare analog voltages and may be sensitive to
supply ripple. This constraint led to the decision to cascade a buck converter with a linear
regulator. The buck converter can handle the high input voltages that may be output by the CT
input stage, and the linear regulator reduces any ripples that come from the buck converter stage.
Similarly to the 5V stage, the buck converter for the 3.3V stage needed to be able to handle an
input voltage as high as 50V as the input to this stage is DC_CTL (pictured in Figure 3.4). The
LM5165 buck converter was selected based on its input voltage range of 3-65V and the
relatively simple design procedure required to implement it [19]. This controller requires no
external switches, diodes, or compensation network. A shielded inductor was also selected for
this buck converter in order to reduce EMI. This buck converter reduces the input voltage to 4V.
A 4V output voltage was selected as a balance between increasing the efficiency of the linear
regulator and while providing a sufficient margin to satisfy the dropout voltage of the linear
regulator.
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The linear regulator selected based on the need for a low noise output, high PSRR, and ability to
handle a 100mA load. The constraints of having a low noise output and high PSRR were arrived
at when considering the systems this linear regulator would supply. Some of the more sensitive
systems include comparators with reference voltages set by voltage dividers between 3.3V and
ground. If there was ripple on the 3.3V rail, this would introduce ripple into the reference
voltages. This ripple would increase the likelihood of oscillations on the output of comparators.
A LP5907MFX-3.3 linear regulator was selected in order to satisfy the design constraints. It has
an input voltage range of 2.2-5.5V, a maximum output current of 250mA, and a maximum
dropout voltage of 250mV [20]. Additionally, it has low output noise of <6.5uVRMS and its PSRR
ranges from about 82dB to 33dB in the 1kHz to 1MHz frequency range.
In order to power the 3.3V system from battery power, a different approach was taken compared
to the 5V system. This is because the 3.3V supply stage does not have a buck-boost topology and
instead only has a buck topology. If battery power was used to power the buck converter, it
would need a voltage of at least 4V. Given that the battery voltage can range from 3.1-4.2V, this
would significantly reduce the effective battery capacity. In order to resolve this, a power MUX
was inserted between the 4V buck converter and the 3.3V linear regulator. This allows for power
to the linear regulator to be switched from the buck converter to the battery if necessary. Figure
3.8 shows a simplified diagram of this layout. The TPS2121 power MUX was selected based on
its large input voltage range of 2.8-22V, its ability to seamlessly switch between power sources
without external stimulus, and its maximum output current of 4.5A [21].

Figure 3.8: Simplified Schematic Of Power MUX Implementation
3.2.4 Battery Selection and Management
Battery selection was based on the need for dense energy storage and safety. The criterion of
energy density was important in order to keep the device relatively small and light. The two most
prominent energy dense battery chemistries are lithium-ion and lithium-polymer. Between these
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two, lithium-ion was chosen as it was deemed more safe than lithium-polymer. In order to charge
a battery, the charger must output a voltage slightly higher than the battery voltage. Lithium-ion
batteries have a voltage of about 4.2V when charged. Given that the 5V supply is the only DC
supply capable of sourcing currents greater than 100mA, the total battery voltage would need to
be less than 5V. Because of this, batteries were arranged in parallel instead of series. Four 18650
lithium-ion batteries were selected based on their widespread availability.
It is harmful for a lithium-ion battery to be discharged below a certain voltage. Because of this, a
battery undervoltage lockout (UVLO) circuit was implemented. This circuit was based on a
design from Analog Devices [22]. Something critical about this circuit is to use low power
components in order to minimize the current drawn from the battery. This is important in order to
ensure that the battery voltage will drop very slowly after it is disconnected from the rest of the
power electronics. The PMOS and comparator from the Analog Devices design were not used
due to their price and were instead replaced with similar low power components. The simulated
schematic, simulation results, and final schematic can be seen in Figures 3.9, 3.10, and 3.11,
respectively. Figure 3.10 shows that this system disconnects the battery from the rest of the
circuit at about 3.1V.

Figure 3.9: Schematic Used In Simulation Of Battery UVLO Circuit
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Figure 3.10: Simulation Results Showing Cutoff Voltage Around 3.1V

Figure 3.11: Final Schematic Of Battery UVLO Circuit
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In order to select a battery charger, several criteria were considered. The battery charger had to
support lithium-ion battery chemistry. The charger also had to have an enable pin, a
programmable current, and had to be easy to implement. One challenge was to ensure that the
battery doesn’t attempt to charge while it should be powering the system. This would create a
situation in which the battery would power the 5V buck-boost converter, which would in turn
power the charger, and without any external stimuli, the charger would attempt to charge the
battery. In order to avoid this dilemma, a hysteretic comparator was implemented. This
comparator compares the voltages on either side of the ideal diode (specifically nets
VBAT_UVLO and DC_P_REG in Figure 3.7) and controls the enable pin on the charge
controller. When DC_P_REG is greater than VBAT_UVLO, charging is enabled, and when
DC_P_REG is less than VBAT_UVLO, charging is disabled. This comparator functionality
dictated the need for an enable pin on the controller. The controller had to have programmable
current in order to respond to the input current from the CT. If the current could not be
programmable, it would be possible for the battery charger to attempt to draw more power from
the CT than the CT can output. This would not be good behavior. In order to keep the charger
design simple, a linear charger instead of a switching charger was selected. This led to the
selection of the LP3947.
3.2.5 Other Power Electronic Design Considerations
In addition to the reasons mentioned above for component selection, an additional criterion for
most components was that they needed a simulation model for LTSpice. In order to help ensure
the success of this project, the current transformer input stage, 5V supply stage, and 3.3V supply
stage were simulated with a variety of input and load currents. To simulate the CT input to the
system, a current source with a parallel magnetizing inductance was used. The inductance used
was 150mH, based on section 5.8.2.
When selecting ceramic capacitors, either X7R, X5R, and C0G dielectrics were selected in order
to ensure good behavior over thermal changes. Additionally, 1% tolerance resistors or better
were selected.

3.3 Sensor Electronics
The rationale behind choosing the microcontroller and the sensors for this project was based on
device resiliency and ease of system integration and software development (see Section 4.5). Not
only does each sensor need to withstand high temperatures, all sensors must also be driven by a
single microcontroller without any cross-interference. Thus, it was crucial that candidate sensors
use ubiquitous communication protocols with multiple interfaces to handle each sensor. The
sections below each discuss the process of choosing specific sensors based on application and the
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criteria that verify each sensor’s inclusion in this project.
3.3.1 Microcontroller
Given that the microcontroller chosen for this project would ultimately dictate the software
development process and the sensor configuration, the final selection required a thorough
evaluation of many candidates. An ideal candidate would feature multiple instances of different
serial communication protocols, specifically UART (Universal Asynchronous ReceiverTransmitter), I2C (Inter-Integrated Circuit), and SPI (Serial Peripheral Interface), three of the
simplest and most common protocols. It would also require sufficient memory, storage, and
processing power for not only measuring from sensors and sending data, but also for advanced
current analysis (such as Fast Fourier Transforms). Additionally, since the sensor electronics
would heat up from prolonged exposure to sunlight, the microcontroller (as well as the other
sensors) needed to be heat resistant, preferably being able to operate up to 100°C. Finally, the
chosen microcontroller would be supported by a software toolchain with libraries that could
facilitate simpler software development. Factors such as integrated sensors, low power
consumption, and price were also considered, but did not play as strong of a role in the final
decision.
The microcontroller ultimately implemented in the project is 96Boards’ B96B-F446VE sensor
board. Typically intended as a “mezzanine” board to work in complement with another 96Boards
microcontroller, the board is also equipped with an STM32F446VET6 MCU produced by
STMicroelectronics for standalone purposes. The MCU is part of ARM’s 32-bit Cortex-M4
system architecture family, and also features a dedicated FPU, 512KB of Flash memory, 128KB
of SRAM, and a maximum clock frequency of 180MHz [23]. Additionally, the board comes
equipped with a 9-axis LSM6DS3H accelerometer and gyroscope (with temperature sensing), a
magnetometer, a pressure sensor, a microphone, a 12-bit DAC and a 12-bit ADC featuring
multiple channels [24]. The board’s pinout is also designed to be compatible with Arduino and
Grove boards, and each I/O pin can be configured to work with multiple communication
protocols, as shown in Figure 3.12 below [25]. For development capabilities, an onboard
debugger eliminates the need for an external probe, and the board as a whole is supported as part
of ARM’s Mbed development platform (explained further in Section 4.5). The B96B-F446VE’s
balance between processing power, peripherals, and developmental support, combined with its
expansion potential, makes it an excellent foundation for the project’s sensor electronics.
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Figure 3.12: B96B-F446VE Pinout And Corresponding Peripherals
Of all the board’s sensors, only the LSM6DS3H was included in the final design, as the other
sensors were either not advanced enough for the project’s goals or simply found to be
unnecessary. The LSM6DS3H’s accelerometer proved to be more than capable of detecting
sensitive movements along yaw, pitch, and roll axes (the Z, Y, and X axes, respectively). The
sensor also featured internal storage for measured values, which could be collected by the MCU
via either I2C or SPI interfaces (the final code version initializes an SPI interface not seen in
Figure 3.12 for communication). Interrupts to trigger data collection were provided but
ultimately unused in the final code version [24], [26].
3.3.2 Humidity Sensor
To measure humidity, TE Connectivity’s HTU21D sensor was chosen for its measurement range
and precision, as well as resistance to extreme temperatures. The HTU21D can measure
humidity to within +/- 2% in a range between 5% and 95%, in a temperature range between
-40°C and 125°C. As an added bonus, it can also measure temperature in a range between -30°C
and 90°C with a tolerance of +/- 1°C, although this functionality wasn’t used in this project (see
section 3.3.3 for details) [27]. The sensor communicates with the MCU using the I2C protocol;
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the B96B-F446VE’s I2C2 interface (Arduino pins D14 and D15 for data and clock, respectively;
see Figure 3.12) is reserved for this purpose.
3.3.3 Temperature Sensor
Although many of the project’s sensors (and the microcontroller board) have internal temperature
sensors which produce accurate data, none of them could measure temperatures at extreme
ranges without losing precision or risking damage. The solution was to use a K-type
thermocouple, which is a metallic cable that uses the thermoelectric effect to generate
temperature-based voltages capable of being read by an integrated circuit; this has the advantage
of working at extreme temperatures without failing (See Table 5.4 for specific values). The
integrated circuit selected to work with the thermocouple is Maxim Integrated’s MAX31855
Cold-Junction Compensated Thermocouple-to-Digital Converter, which itself is resistant to
extreme temperatures (see Table 5.4), and has a measurement resolution of 0.25°C. The device
uses SPI to communicate with the MCU (as seen in Figure 3.13 below); Arduino pins D10, D12
and D13 are used for CS, MISO and SCK, respectively (see Figure 3.12) [28].

Figure 3.13: MAX31855 Connection Diagram
3.3.4 Current Sensing and ADC
Conceptually, measuring the current through a distribution line is rather simple. By converting
the output current produced by the current sensing transformer (which is stepped down from the
line current) and converting it to a voltage within a known range, voltage could be fed into an
ADC (Analog-to-Digital Converter) which would produce a digital value that could be operated
upon to determine the input voltage and current values. However, for maximum precision, both
the ADC and the burden resistors used for the voltage drop must be extremely precise.
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The current sensing transformer used in this project has a primary-to-secondary turns ratio of
600:5, meaning that the secondary current on the sensor side is 5/600 (or 1/120) that of the
primary distribution line current; this step-down is necessary to prevent damage to any sensor
electronics. This secondary current is then fed through two 0.1Ω Riedon burden resistors in
parallel (total resistance of 0.05Ω), each with a tolerance of 1% (this accuracy is crucial for
calculations) [29]. The two resistors together are capable of withstanding 100W without
overheating, meaning they can handle a secondary current of 44.7A (and thus a primary current
of 5364A). It is advantageous to have burden resistors that are rated for significantly more power
than they will have to dissipate because this ensures that the resistance is more constant
regardless of the current transformer current. If the resistors were rated for less power, they
might get hot under different currents which would result in different resistance. The voltage
drop across the burden resistors (which is .05 times the secondary current) is the voltage which is
fed into the ADC.
For voltage conversion, the B96B-F446VE’s onboard ADC was initially deemed sufficient, but
upon later reflection, the 12-bit resolution would not be enough to accurately depict the
distribution line current to the nearest amp. Instead, a 24-bit ADC was acquired to drastically
improve the resolution; the new ADC reduces the corresponding current difference between
digital values by a factor of 8192, potentially allowing for measurements to the nearest milliamp
(see Figure 3.14 below for the resolution comparison). Microchip’s MCP3561 Two-Channel
Delta-Sigma ADC was thus chosen for the project. The ADC takes as reference voltages 0V and
3.3V, meaning that the inputs need to be within that range for proper conversion. For conversion,
the MCP3561 has a “Multiplexer” mode which takes the difference between the voltages on the
two channels, then converts that difference to a digital value [30]. Since the MCP3561 cannot
take negative voltages, and the burden voltage can be negative, the second channel will always
be fed 1.65V (the midpoint between both references), and the input burden voltage will always
be positively offset to correspond to the reference range; therefore any adjusted burden voltage
input below 1.65V will result in a negative digital output. The ADC chip uses the same SPI
communication bus as the thermocouple (pins D11, D12, and D13 as MOSI, MISO, and SCK,
respectively; see Figure 3.12), but uses pin D9 for its chip select.
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12-bit resolution:
V REF + = 3.3V , V REF − = 0V
212−1 = 2048
(3.3V − 0V )/2048 = 0.0016 V /div
0.0016V /.05Ω = 0.032A (secondary)
24-bit resolution:

0.032A × 600/50 = 3.867A (primary)
V REF + = 3.3V , V REF − = 0V
224 = 16777216
(3.3V − 0V )/16777216 = 0.0000002V /div
0.0000002V /.05Ω = 0.00000393A (secondary)
.00000393A × 600/50 = 0.00047A (primary)

Comparison:
3.867A/.00047A = 8192 times greater resolution
Figure 3.14: Comparison Of Calculated ADC Resolutions
An important point to consider in configuring the ADC was the output sampling rate (OSR). A
higher OSR results in higher output resolution; however, a lower OSR reduces the time to
sample, allowing for a higher data collection rate. A high data rate is necessary to collect enough
points along unique sections of the input 60Hz sine wave, which in turn is necessary to calculate
the RMS (Root Mean Square) current, an indication of the average current over a period of time
(this is further elaborated in Section 4.5). It thus became crucial to find a balance; an OSR of
1024 was judged to be the most optimal choice, as it allowed for a data rate of 1.2kHz (20
samples per period) when using the 5MHz internal clock (see Figure 3.15) [30]. Any lower OSR
would have made millivolt-level precision infeasible. An external clock could have increased
this rate further without sacrificing resolution, but the sensor board configuration did not allow
for this.
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Figure 3.15: List Of OSRs And Corresponding Data Rates
Given that an OSR of 1024 results in an ADC resolution of 24 bits, it was deemed important to
ensure that good reference and bias voltages were supplied to the ADC. Given a reference
voltage of 3.3V, the least significant bit (LSB) of the ADC data would theoretically be 0.197uV
based on the calculation below.
V

V LSB = REF
= 3.3V
N
24 = 0.197uV
2
2
In order to measure voltage with this much precision, it is incredibly important to have stable and
accurate voltage references. In order to meet this need, a precision voltage reference IC was
selected. The REF1933 was selected as a precision voltage reference based on its ability to
output a 3.3V and 1.65V reference signal [31]. This allows for the ADC to use the 3.3V signal as
reference signal and the 1.65V signal as a center reference. It also allows for the CT input signal
to be superimposed on the 1.65V signal in order to ensure that the input voltage to the ADC is
between the 0V and 3.3V rails. In addition to having precise reference voltages, it was necessary
to ensure that the system had a good power supply rejection ratio (PSRR). Given that the system
is powered from a switching converter, it would be possible for ripple in the supply voltage to
affect the reference voltages without a good PSRR. In order to combat this, a ferrite bead was
placed in series with the power supply and the resulting power rail was sent into a linear
regulator. The LP5907SNX-4.0 was selected as the linear regulator because it is a low noise
linear regulator with a good PSRR [20]. In Figure 3.16, the schematic for this system was shown.
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Figures 3.17 and 3.18 show the PSRR of the 3.3V reference and 1.65V reference signals
according to the following definition.

P SRR [dB] = 20log(

ΔV supply
ΔV out

)

Figure 3.16: Schematic Of ADC Voltage Reference System

Figure 3.17: Simulated PSRR Of 3.3V Voltage Reference
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Figure 3.18: Simulated PSRR Of 1.65V Voltage Reference
Based on the simulated PSRRs, the worst PSRR would be in the 300kHz-3MHz frequency with
a value of about 90dB.
In order to offset the CT input voltage by 1.65V, it would be possible to simply connect one
terminal of the CT to the 1.65V reference and the other terminal to the ADC. However, if the
ADC drew any current from the CT during the measurement, the return path for the current
would be through the REF1933 1.65V reference. This was concerning because any current flow
through the reference might affect the precision of the reference. In order to minimize current
flow through the REF1933, a voltage follower was implemented between the CT and the ADC
input. An AD8601 precision op amp was selected based on its rail to rail operation, unity gain
stability, and low input bias currents [32]. The schematic for this implementation is shown in
Figure 3.19. In the schematic, the CT is connected to X4 and net CT_LINE_MEAS_BUF is
connected to an ADC input. Net CT_NEUT_MEAS is connected to the 1.65V reference voltage
created by the REF1933.
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Figure 3.19: Schematic Of Unity Gain Voltage Buffer Used for CT Measurement
3.3.5 SIM Module
Because this project needs to be capable of communicating reliably with a device situated
potentially miles away from it, a device capable of cellular communication was required,
preferably LTE enabled for quickness. While there were not many cheap, readily available LTE
modules on the market, Botletics’ SIM7000A was deemed to be sufficient for our task. This
module is specifically designed to work with IoT devices, and as such it only operates on LTE
Cat-M and Nb-IoT networks, which have smaller bandwidths and thus require less power. The
board was also chosen for its ability to send data in multiple forms, either via SMS or other data
connections (such as HTTP, TCP, and UDP). A pre-existing C++ codebase also contained
functions for the module, which could provide easy functionality after converting it to conform
to Mbed standards [33]. The module uses the UART protocol, but since the only pins enabled for
this are the SIM7000A’s pins D10 and D11, whereas the B96B-F446VE’s corresponding pins are
not UART enabled, a Grove connector was used to connect the B96B-F446VE’s PD_8 and PD_9
pins (Figure 3.12) to the SIM7000 (which required a solder joint).
Although the low-power aspect of the SIM7000A is desirable when limiting the project’s power
consumption, being limited to the LTE Cat-M and Nb-Iot standards required purchase of SIM
cards capable of communicating with such networks. After much searching and a failed attempt
to use a regular SIM, Soracom’s IoT suite proved successful for use in this project. Soracom’s
SIM cards are capable of communicating with AT&T’s LTE Cat-M networks in the United States
to send data to Soracom servers [34]. The service most useful for representing the collected data
is Soracom Harvest, which can graph the data it receives via USSD, SMS, TCP, UDP, or HTTP,
and can easily highlight trends, a quality important for the project’s data collection and
calibration [35].

3.4 Chassis Design Module
The chassis design for the device is broken into several sections below that describe the process
in which specific components were modeled in Autodesk Fusion 360 and eventually 3D printed.
In later sections, the EMF/weatherproofing process is outlined as well the 3D printing procedure.
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Lastly, functional prints and actual pictures of the device chassis are shown alongside the several
iterations taken in correcting the model. The Figures 3.20-3.25 below show the final chassis
design.

Figure 3.20: Side View Of Final Chassis Model

Figure 3.21: Angled View Of Final Chassis Model

Figure 3.22: Bottom View Of Final Chassis Model

Figure 3.23: Top View Of Final Chassis Model
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Figure 3.24: Front View Of Final Chassis Model

Figure 3.25: Behind View Of Final Chassis Model

3.4.1 Transformer Selection
The first detail that was accounted for when beginning the chassis design for the device was
finding a current transformer that allows for easy installation. Several available current
transformers are rather cumbersome to install and often require the conductor to be fed through
or for screws to be removed. Since existing distribution lines cannot be fed through a current
transformer without disconnecting it from the grid, another solution had to be approached. Two
other aspects that had to be considered is that when installing this device, the power should stay
on to avoid any temporary electrical outages and that any interaction with the live power line
should be absent to avoid any injury. After weeks of research, a split core transformer was
selected. This split core transformer allows for it to be opened by opening the side clips and
snapped in place once the conductor is inside the window, see Figure 3.26 below. For actual
current transformer ratio sizing selection please see Section 3.2.1 and Section 3.3.4.

Figure 3.26: AcuAmp Split Core Transformer
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While it does not matter in which the conductor is oriented through the current transformer, the
overall chassis design was made to have the current transformer terminals facing down towards
the earth and the top clips facing the sky. In orientating the chassis this way, installation is easier.
3.4.2 Power Side Clip
The power side clip houses the power PCB, which deals with charging and powering the overall
device and also holds the four 18650 back-up batteries.
The design for the side clips was rather challenging because two different current transformers
were chosen. The 1000:5 power transformer, SB series, was thinner at the sides, while the 400:5,
SA series, current sensing transformer was thicker at the sides. The following dimensions of both
current transformers can be seen below in Figure 3.27 [9].

Figure 3.27: Dimensions Of Series A And Series B AcuAmp Current Transformers
The need for easy assembly and troubleshooting was also accounted for. While the device should
not have to be serviced often once connected to the distribution line, the need for eventually
having to service it was accounted for in the design. The clip design would allow for the side
clips to snap in place by grabbing the sides of the current transformers and allow for the ease to
remove and install the chassis assembly. As seen in Figures 3.28 and 3.29 below, the power side
clip and sensor side clip were both designed to have a clip mechanism, which allows for them to
snap on and off with ease to the sides of the current transformers.
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Figure 3.28: Bare Top View Of Power Side Clip

Figure 3.29: Bare Side View Of Power Side Clip

The compartment that holds the power PCB and batteries dictated the actual size of the storage
compartment. By taking the measurements of the PCB dimensions and the case for the four
18650 batteries, the x and y lengths of the storage compartment were determined, see Figures
3.30 - 3.32 below.

Figure 3.30: Dimensions Of Power Side Clip (Front)

Figure 3.31: Dimensions Of Power Side Clip (Rear)
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Figure 3.32: Dimensions Of Power Side Clip (Side)
One design constraint that was considered and designed around was to avoid having the storage
compartment encroach into the actual transformer window especially since the distribution
conductor was to be running parallel to the both clips. Since the distribution conductors can get
fairly warm and the electronics inside the actual device can be sensitive to electromagnetic
fields, the storage compartment was limited on how far it extended into the current transformer’s
window, see Figures 3.33 and 3.34 below. Please see the 3.1 EMF Shielding Module for more
information on electronic sensitivity and shielding design.

Figure 3.33: Power Side Clip With CT’s Attached (Front)

Figure 3.34: Power Side Clip With CT’s Attached (Angle)
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Figure 3.35: Power Side Clip With CT’s Attached (Top)

Figure 3.36: Power Side Clip With CT’s Attached (Side)

The height of the side clip was extended to match the height of the smaller current sensing
transformer, see Figures 3.33 and 3.36 above. In order to maximize the vertical height real estate
available to house the power components, a shelf was designed to separate the battery and power
PCB, see Figures 3.35 and 3.36 The battery storage and the PCB were placed in their respective
locations for two primary reasons. Since the device is suspended in the air and is exposed to the
sun’s radiation and temperatures, the batteries are to have a cooler location underneath the PCB
and are less prone to degrade more quickly. Secondly, the power PCB powers the sensor
electronics located on the opposite clip, which requires interconnections. Please see Section 3.4.4
for more details on this.
To ensure the ability to snap open the current transformer from its tabs, notches were made to
allow either fingers or a flat head screwdriver to open the current transformer tabs when
installing the device, see Figure 3.37 below.

Figure 3.37:: Side View of Notches On Side Clips
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To secure the power PCB, six standoffs were implemented, where three #4-40 x ⅜” machine
screws are needed to restrain the board from movement, see Figure 3.38 below.

Figure 3.38: Standoffs On Power Clip (Back)

Figure 3.39: Screw Holes Power Clip (Angle)

For easy battery access, the bottom cover of the storage compartment was made removable,
allowing it to slide on and off once the four #6-32 x ¾” machine screws are removed, see Figure
3.39 above. With the power transformer powering the sensor electronics and charging the
batteries, a cable needed to be run to the power PCB. As seen in Figures 3.38 and 3.39, the
bottom cover has a 10mm hole allowing cable from the transformer terminals underneath the clip
to be run into the storage compartment. Two additional 10mm holes were made on the shelving
piece to allow for interconnections to be made. The left shelf hole allows for cable from the
current transformer to be fed and connected to the terminal heads on the PCB. The right shelf
hole allows for the battery cables and therm-resistor connections to be fed to the power PCB and
connected.
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Figure 3.40: Power C-Cover (Angle)

Figure 3.41: Power Side Clip With C-Cover And Bottom Cover On

Figure 3.42: Labeled C-Cover (Top)
To enclose the storage compartment from the sides and the top, a c-cover was designed, see
Figures 3.40 - 3.42. The c-cover is tightened down with four #6-32 x ¾”. Also, the c-cover has a
10mm hole , allowing for the 5V interconnection to exit from the power side clip and run along
the top clip and eventually to the sensor side clip. See Section 3.4.4 for more details.
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Figure 3.43: Cable Grommet Dimensions

Figure 3.44: Physical Cable Grommet (Angle)

For the 10mm holes found on the top of the c-cover and the bottom of the side cover, IP68 cable
grommets were placed, to create a weatherproof seal for the cable, see Figures 3.43 and 3.44
above [36]. The threading needed for the grommets was done with a tap and die kit. The #6-32 x
¾” and #4-40 x ⅜” holes were threaded in CAD and 3D printed as such.
3.4.3 Sensor Side Clip
The sensor electronic clip is identical to the power electronic clip except for the storage
compartment. The power side clip was mirrored so that the actual clip mechanisms themself
were symmetrical, eliminating any tolerance issues when adjusting the inside compartment for
the electronics. Since the PCBs were designed to be stacked on top of each other to keep
electrical connections between components at a minimum, the shelf had to be raised when
compared to the power PCB compartment, see Figure 3.46 below. The SIM PCB stacks on the
sensor PCB and the sensor PCB stacks on the micro-controller with the whole stack assembly
being held down with four #4-40 machine screws in standoffs, see Figure 3.46. As seen in Figure
3.45, to ensure sufficient room for EMF shielding, the side walls of the clip were made .1mm
thinner when compared to the power clip.
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Figure 3.45: Dimensions Of Sensor Side Clip (Front)

Figure 3.47: Sensor Side Clip With CT’s Attached (Front)

Figure 3.46: Dimensions Of Sensor Side Clip (Rear)

Figure 3.48: Sensor Side Clip With CT’s Attached (Angle)
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Figure 3.49: Sensor Side Clip With CT’s Attached (Top)

Figure 3.50: Sensor Side Clip With CT’s Attached (Side)

Figures 3.47 - 3.50 provide different perspectives of the sensor clip attached to the current
transformers. As seen in Figure 3.49, the shelf does not extend all the way to ensure that there is
sufficient room to allow access to attach the stack of PCBs. The current sensing resistors are held
in place using four standoffs and four #4-40 x ⅜” screws.
Since the humidity sensor has an IC that deals with the actual humidity measurement, the actual
IC itself needs to be exposed to the environment to get reliable information, see Figure 3.51
below. In order to resolve this, a cutout matching the square dimensions of the humidity IC was
made and a thin channel lying on the IC itself was created to help keep any moisture or dust out
of the compartment. Please see Section 3.4.7 for more detail.
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Figure 3.51: Humidity Sensor Standoffs And Cutout
Both the c-cover and bottom cover of the sensor clip are similar to the power clip covers. The
c-cover of the sensor clip was just resized to account for the moved storage compartment shelf,
see Figure 3.52 below. In Figure 3.53, the c-cover can be seen attached to the sensor clip with the
required 10mm hole for the 5V connection from the power clip to be connected inside. The
bottom cover had to be adjusted due to close space constraints from the three stack PCB’s. Since
the bottom cover is removable, the standoffs were designed to be attached to the cover to make
the PCB installation easier. A 1.965mm hole was cut out on the bottom cover to have the end of
the thermocouple exposed. It was designed for the thermocouple to be facing the earth with the
sensor clip covering any exposure from the sun, because temperature data collected will be more
viable when collecting the ambient temperature rather than constant sun exposure temperatures.
A 10mm hole was also cut out on the bottom clip to allow for the current sensing transformer
cable from the terminals to be fed into the storage compartment and connected to the sensing
resistors above the shelf, see Figure 3.4.3.10 below. Both the c-cover and the bottom cover are
restrained to the sensor clip using a total of eights #6-32 x ¾” screws.
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Figure 3.52: Sensor C-Cover (Angle)

Figure 3.53: Sensor Side Clip with C-Cove And Bottom Cover On

Figure 3.54: Sensor Clip Bottom Cover
The same grommets as used on the power side were used on the sensor side for the two 10mm
holes, one for the current transformer connection and the other for the 5V overhead connection
coming from the power clip.
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Figure 3.55: Side Views Of Bare Sensor Side Clip
In Figure 3.55 above, it can be seen that there are several holes in the shelf and on the sides of
the clip. The left hole seen on the bottom cover, is the current transformer hole for the cables as
described above. The 10mm hole that is embedded on the left side wall, allows for the current
sensing resistor connections to be fed through that hole and connected to the sensor PCB. The
10mm right hole embedded in the wall allows for the humidity sensor connection to be down to
the sensor PCB and gives extra room for the thermocouple jacket. The holes were embedded into
the wall due to space constraints from the PCBs. The hole in the center of the shelf allows for the
5V connection from the power PCB to be fed into the 10mm hole found on the c-cover and then
down into the microcontroller. The rectangle cutouts on both sides of the shelf allows for a thin
Phillip’s head screwdriver to fasten down two #4-40 x ⅜” for the stack of PCBs. As mentioned
above, the shelf does not extend the whole horizontal distance of the storage compartment to
allow for the fastening of the other two #4-40 x ⅜” screws.
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3.4.4 Top Clip
Similar to the side clips, the top clip utilized a clamping mechanism to attach to the top of the
transformers to secure the transformers in place. The top clip was designed so that the top pieces
of the split core transformer can be attached to the top clip and when the conductor is in place,
the bottom piece of the transformer with the side clips attached can be snapped in place. With
this design, this allows the snapping of the split core transformers to be utilized and allows for
easy installation on conductors, see Figure 3.56 below.

Figure 3.56: Bare Top View Of Power Side Clip
The top clip was made to be rigid, especially at the end pieces because it works in conjunction
with the clamp mechanism, which is described in Section 3.4.5. The top clip is essentially
responsible for supporting the weight of the current transformers, the clamping mechanism, and
the side clips with their respective electronics. For these reasons, as described in the Figures 3.57
- 3.59 below, the clips are thicker and made to be more robust, especially at the ends. The clips
were sized to fit around the top of transformers with a tight tolerance of .1mm so that it allows
for the transformers to snap in place but difficult for them to ever fall out without any applied
force.
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Figure 3.57: Dimensions Of Top Clip (Side)

Figure 3.58: Dimensions Of Top Clip
(Front/Back)

Figure 3.59 Dimensions Of Top Clip (Top)
Since the power side clip and the sensor side clip require connections between each other, a 7mm
channel was created underneath the 45 degree bend of the top clip. This channel allows for the
5V connection to come out of the power clip’s top grommet, transverse into the top clip channel
and into the sensor clip’s top grommet. This channel as seen in Figures above allows for the
connection to avoid crossing into the transformer windows and directs the connection in a
uniform matter.
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3.4.5 Clamping Mechanism
The clamping mechanism went through several design iterations until a satisfactory solution was
found. The design process was rather intricate because several factors had to be considered. Like
stated above, since the device is to work on existing distribution lines, a design had to be created
so that clamping onto the line would be feasible. Disconnecting or cutting a distribution line
conductor is not ideal to slide the current transformer in. Since the current transformers are split
core and have the capability to be snapped on and off by using the pre-existing clips on the sides,
the camping mechanism was designed to take advantage of the existing system already. With the
split core transformers, they can be attached to a distribution line conductor with ease by taking
the top clip off then snapping them back in. While that works to the advantage of installing the
needed current transformers, this does not securely attach to the line and relies on the normal
force that the distribution line conductor is applying, see Figure 3.60 below.

Figure 3.60: Free Body Diagram Of Forces On Top Clip
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Also, since the current transformer windows were designed to be centered with one another and
the terminals of the transformers are to be lined up with one another, relying on the normal force
to keep the device suspended on an overhead conductor would place all force on the smaller,
current sensing transformer. This would allow the device to be prone to tilting or being lopsided
on the overhead conductor.This also does not prevent the actual device from sliding in the x
direction or jolting in the y direction when wind or other environmental factors are present.
Working with the top clip aids in holding the current sensor transformer’s window centered, as
seen in Figure 3.61 below.

Figure 3.61 Labeled Top Clip With Clamping Mechanism Inserted (Angle)

Figure 3.62: Dimensions Of Base Plate

Figure 3.63: Dimensions Of Threaded Plate
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Figure 3.64: Dimensions Of Clamping Mechanism Bolt
As seen in the Figures 3.62 - 3.64 above, the clamping mechanism consists of the top clip, the
bolt, threaded plate, and base plate. Essentially, once the current transformers are on the power
line, the base plate is pressed against the conductor, the threaded plate is slide into the oval
cutout like a key, and the bolt is tightened into the threaded plate until enough force is pushed
against the base plate to prevent any sliding. There is also a curved cutout on the top clip to aid
in locking the conductor in place. The diameter of the cutout is 24mm ( .944 inches), allowing
for the most common overhead conductors such as #2 ACSR, 3/0 ACSR, 4/0 ACSR, 336.4
ACSR, and 477 ACSR to lock into place and fit through the current transformer windows, see
Table 3.1 below for diameter sizing.
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Table 3.1: Summary Of Overhead Conductor Sizes
Diameter Size (inches)
Top Clip Cutout

.944

Series A CT Window

1.19

Series B CT Window

2.36

#2 ACSR

.316

3/0 ACSR

.502

336.4 ACSR

.684

477 ACSR

.814

The clamping mechanism pieces were selected to be made out of plastic, since any possibility of
electrical conduction wanted to be eliminated. For more information on material selection, see
3.4.6 Material Selection and 3D Printing.
3.4.6 Material Selection and 3D Printing
Since the device designed above is a prototype and would be the first overall iteration of several
to come in the future, the chassis and its counterparts were 3D printed. 3D printing allowed for
the CAD files designed into AutoDesk Fusion 360 to be printed and for the overall device
structure to be physically implemented and tested. The material chosen to print with for the
prototype is PLA or polylactic acid filament, see Table below for material summary. This
material is fairly easy to print, as it does not require any ventilation systems like ABS or high
nozzle temperatures like PETG. Specifically, Hatchbox PLA was chosen to print due to its
reputation of not warping when printed, constant filament diameter, non-brittleness, and its
resilience to moisture [37]. Since the overall device was designed to be weatherproof, especially
against rain, Hatchbox PLA and its insolubility in water was a prime motivator in choosing this
particular filament brand.
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Table 3.2: Summary Of Hatchbox PLA Filament
Brand

Hatchbox

Chemical Characteristics

Biodegradable polymer-blend based on
polylactic acid

Melting Temperature

155 °C

Density

1.27 g/cm3

Filament Diameter

1.75 mm

Solubility in Water

Insoluble

Odor

Almost Odorless

Color

Glow in the Dark / True Black

When determining the filament’s color, several were considered. However, it was finally settled
on printing with glow in the dark Hatchbox PLA, see Figure 3.65 below [38]. An all black
chassis color was avoided to allow for less sun absorption during the day, especially since this
device would often be exposed to the sun during the day. Any opportunity in preventing the
chassis and its electronics inside from heating up would be an advantage. During the day, the
filament is translucent, which appears as white from a distance. With enough sun exposure
during the day, the filament retains a glow in the dark hue at night. Please, see Section 5.3.3 for
more detail on testing the glow in the dark feature. Ideally, if there was ever a circumstance when
the device needed to be located in a night time scenario, it could be precisely pin-pointed by its
glow in the dark nature. Another side effect of choosing this color is that it could provide
indicators to nearby aircraft of distribution power lines when flying at lower heights.
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Figure 3.65: Example Of Glow In The Dark Hatchbox PLA
Color
For these reasons, the majority of the chassis was printed in glow in the dark PLA. The only
exception being the bolt, threaded plate, and base plate of the clamping mechanism. Those
components were printed in true black [38]. These were printed in true black to provide markers
at the end points for where the conductor was latched onto.

Figure 3.66: Example Of Black Hatchbox PLA
Several different infill patterns, layer heights and wall thicknesses were experimented with until
ideal settings were found. These settings are summarized below in Table 3.3 below.
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Table 3.3: Summary Of 3D Printer Settings
Quality
Layer Height

.2mm
Shell

Wall Thickness

.8 mm

Top/Bottom Thickness

2

Top Thickness

.8 mm

Top Layers

4

Bottom Thickness

.8 mm

Bottom Layers

4
Infill

Infill Density

30%

Infill Pattern

Cubic
Speed

Print Speed

50 mm/s
Material

Type

polylactic acid (PLA)

Printing Temperature

200 °C

Build Plate Temperature

50 °C
Support

Support Overhang Angle

45°

Build Plate Adhesion Type

Brim

A balance had to be found in regards to selecting the print settings. Since weight is a factor for
this overhead device and designed to be less than six pounds, the infill density was placed at
30%. The layer height selected provided the resolution and tolerance needed for the clips,
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threaded holes, and clamping screws. The shell settings worked with the infill density and pattern
to provide a strong, durable prototype print that limited its overall weight. As seen in the Figure
3.67 below, there are several common infill patterns, each that provide its own benefit [39]. For
some infill patterns, forces are better distributed and are less prone to breaking in specific sheer
or compressive forces. Some infill patterns also utilize less material.

Figure 3.67: 3D Printer Infill Options
With research on experiments conducted on testing the strength of infill patterns and the amount
of material used, a cubic infill structure was used, see Figures 3.68 and 3.69 below [40]. Cubic
provides a minimal filament amount while providing strength when both perpendicular and
transverse forces are applied.
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Figure 3.68: Weight By Infill Pattern

Figure 3.69: Failure Load Vs Infill Pattern

3.5 Step Down Transformer and Load Bank Design
As mentioned in Chapter One and Chapter Two, distribution power lines constantly have
hundreds of amps of live current running through them. They can even have thousands of faulted
amps run through them as well. There are not many appliances nor laboratory equipment that can
provide the needed amperage to simulate a distribution line. With the device having a main
function of measuring this load current or detecting fault currents, a way and means had to be
designed to simulate a large amount of current.
3.5.1 Microwave Disassembly and Transform Reassembly
One of the easiest ways to gain access to a sizable transformer is the common household
microwave. From previous research, it is common for people to make welders out of these
transformers. While no welding is a part of this project, the current used to reach the
temperatures needed to fuse metals together would be viable in allowing us to test the device for
large currents.
In order to obtain the transformer needed, a microwave was taken apart and the transformer was
extracted. The transformer’s secondary windings were removed and replaced with two windings
of 1/0 cable. See Section 4.3 in Chapter 4 for part of the disassembly process. The transformer in
a microwave is used to step 120V from a household outlet to thousands of volts in order to warm
up food. In the scenario needed, the 120V outlet stays the same but instead of stepping-up the
voltage, the voltage must be decreased significantly to provide ample current. Since transformers
follow power conservation, a simple calculation was done to validate the current range feasible
from step-down the voltage as well as the new turns ratio. To note, all calculations were done
assuming the power factor was approximately at unity and all measurements taken were rms
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values. As seen in Figure 3.70, the new turns ratio was calculated after an open circuit test was
done. The original turns ratio was approximately 18.3 and the new turns ratio is 52.2.
New Step-Down Transformer
VPrimary = 120V
VSecondary = 2.3V
VPrimary/VSecondary = N = 52.2 Turns Ratio
NS = 2 Turns
NP = 104.4 Turns
Original Step-Up Transformer
VPrimary = 120V
VSecondary = 2200V
VSecondary/VPrimary = N = 18.3 Turns Ratio
NP = 104.4 Turns
N = Ns/Np Turns Ratio
NS = 1910.4 Turns
Figure 3.70: Turns Ratio Calculation Of Step-down And Step-up Transformers
With this new turns ratio and the transformer set as a step-down, the open circuit secondary
current of the new transformer was measured to be 8.6A.
Table 3.4: Open Circuit Test Of Step-down Transformer

Open Circuit

Primary
Voltage (V)

Secondary
Voltage (V)

Primary
Current (A)

Secondary
Current (A)

Turns Ratio

122.5

2.3

8.8

x

53.23

With this new turns ratio and the transformer set as a step-down, the open circuit secondary
current of the new transformer was measured to be 8.6A. Even though the transformer’s
magnetizing branch and internal resistances are requiring 8.6A, it would be capable of providing
at least 448A. If the secondary were to be ideally shorted and all the magnetizing current were to
go through the short, see Figure 3.71.
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Power Conservation
PPrimary = IPrimary * VPrimary
PSecondary = ISecondary * VSecondary
PPrimary = PSecondary
IPrimary * VPrimary = ISecondary * VSecondary
VPrimary/VSecondary = ISecondary / IPrimary
IPrimary = ISecondary / 52.2
52.2 Turns Ratio = ISecondary / IPrimary
52.2 Turns Ratio * IPrimary = ISecondary
52.2 Turns Ratio * 8.8A = 448.92A
Figure 3.71: Power Conservation Of Transformer And Minimum Current Draw
Overall, power is conserved in a transformer. In a step-up configuration, the voltage is increased
significantly, reducing the secondary current. In a step-down configuration, the voltage is
stepped down, increasing the secondary current. It was this principle that allowed for the overall
design to be created.
Since significant current draw was to occur on the secondary transformer, a sufficient gauge had
to be chosen to ensure that the conductor would not burn after a long duration. It was decided
that 1/0 conductor would be chosen since it can sustain a normal current draw of 170A. At higher
currents, closer to 500A, 1/0 should be able to momentarily sustain the current with some
warming only. Stranded 1/0 was chosen since lugs would eventually be connected to allow for
connection flexibility when attached to the load bank. Please see Section 4.3.1 in Chapter 4 for
more details on construction and Chapter 5 for more details on testing.
3.5.2 Designing a Load Bank
With repurposing the microwave transformer to provide a low output voltage and a high output
current if needed, a load for the transformer needed to be designed. Distribution lines are
connected to small factories and hundreds of residential apartments and houses. These
apartments, houses, and factories can be lumped together as a load that draws hundred of amps
which can be dissipated through the resistances that are found in rotating machines, purely
resistive loads such as toasters, or complex power supplies/ electronics. This load is able to
distribute the heat generated across its resistive components, especially since the smaller loads
are in parallel combinations.
Similarly, a load had to be designed that is capable of drawing hundreds of amps but could also
dissipate the heat generated. A preliminary open circuit test of the newly designed step-down
transformer was done, see Table 3.4 above.With 120V on the primary, the secondary voltage was
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measured to be 2.3V. As in the engineering specifications, the device is said to read load currents
from 0A to 1000A. With this specification in mind, calculations were done as seen in Figure
3.5.2.1, to find a range of impedances that would allow for enough current to be demanded.
VPrimary,open-ckt= 120V
VSecondary,open-ckt = N2/N1 * VPrimary
VSecondary,open-ckt = 2.3V
VSecondary = ILoad * ZLoad
ILoad = 50A - 400A
ZSecondary = VSecondary / ILoad
ZSecondary = 2.3V / 50A — 2.3V/400A
ZSecondary = 46mΩ - 5.75mΩ
Note: Power Factor Assumed to be Unity
Figure 3.72: Calculation of Impedance Needed For Load Bank
To note, all calculations were done assuming the power factor was approximately at unity and all
measurements taken were rms values. As seen in the calculation above, the impedance needed is
relatively small, in the mili-ohm range. While resistors are sold that can reach ranges in
mili-ohm, a bigger issue comes to play. These resistors are incapable of dissipating the required
power, as they are often used in smaller electric applications. The resistors would burn almost
immediately with the large currents demanded. As seen in Figure 3.73 below, the power
dissipated by even the small impedance value is at around 100W.
PLoad = ILoad * VLoad
VLoad = ILoad * ZLoad
PLoad = ILoad2 * ZLoad where 46mΩ - 5.75mΩ
PLoad = (50A)2 (46mΩ) to (400A)2 (5.75mΩ) = 115W to 920W
Figure 3.73: Calculation Of Power Dissipation
Two design restraints for the load bank are that it needs to have a small impedance but large heat
dissipation capabilities. Since even a purchasable, standard, and heat sinking resistor will not
work in this application, the next idea was thought of. The smallest theoretical resistance that can
be obtained is zero ohms from a short. Since even a short has an inherent impedance, this would
work in our favor to obtain a small impedance. However, no typical short would do. Even
standard gauges typically used do not have the ability to dissipate that much power in terms of
heat for long durations of time. At the most basic level, typical conductors are pieces of metal in
cylindrical shapes. The next best thing that could work while keeping the cylindrical shape of a
typical conductor would be to use rods as the resistors. Since resistance can be calculated by the
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equation ρ*L/A, the parameters could be manipulated to get the resistance wanted. After much
research on the resistivity of common metals, it was concluded that the best material for the
scenario at hand would be steel, see Table 3.5 below [41]. Steel has a melting temperature of
over 2000 ° F, allowing for it to dissipate the required heat for a long duration of time.
Table 3.5: Table Of Common Metal Resistivities
Material

Resistivity Ω-m

Steel

6.90 x 10-7

Aluminum

2.8 x 10-8

Copper

1.7 x 10-8

Nickel

7 x 10-8

Silver

1.7 x 10-8

Tin

1.1 x 10-7

Since the rods have an approximate uniform shape, the cross sectional area is an almost constant
circle. With materials accessible, zinc plated steel rods with a diameter of a quarter inch were
chosen. The last parameter that needed solving would be how much rod. As seen in Figure 3.74
below, nine feet of this rod would be enough to get us in the range of 46mΩ - 5.75mΩ or
specifically 14.94mΩ for 9 feet. It was assumed that zinc plated steel rods had approximately the
same resistivity as just steel rods. The rods purchased are sold in three feet segments.
ZLoad= ρ*L/A
L =of Each Zinc-Plated Steel Rod = 3’ = .9144m
Three Rods for a Total L of 9’ = 2.7432m
Diameter of Each Rod =1/4” = .00635m
Assume Cross Sectional Area is Approximately a Uniform Circle
ZLoad = (6.90 * 10-7 Ω-m)*(2.7432m) / (.00635m)2 (π) = 14.94mΩ
VSecondary = ILoad * ZLoad
ILoad = 2.3V/14.94mΩ = 154A
PLoad = ILoad2 * ZLoad = (154A)2(14.94mΩ) = 354W
Figure 3.74: Calculation Of ZLoad Using Available Materials
Also, as seen in Figure 3.74, the power calculated with the designed impedance would dissipate
about 354W, well in the range between the 115W to 920W calculated in Figure 3.74.
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Since a variable load bank is needed to get the range of currents that the device would be subject
to, the load design had to be variable. Since the rods themselves are three feet each, they have to
be connected to series to get the design impedance of 14.94mΩ. However, to allow for a variable
resistance to be chosen, the connections to the bank was done using lugs. These lugs would
allow for the connection to be made at different rod lengths, which allows for different
resistances, see Figure 3.75. To connect the rods in series, aluminum plates were used. Also, the
resistance of these plates were ignored in the calculations.

Figure 3.75: Lug Connectors And Load Bank
With the design above, the lug connectors can be moved to different locations on the load bank
to get different impedances and thus different currents. In Table 3.6, a summary of impedance
values possible are seen.
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Table 3.6: Theoretical Impedance And Load Currents Of Load Banks
Number of Rods

Total Length (ft)

Total Impedance (mΩ)

Load Current (A)

.5

1.5

2.59

888

1

3

4.98

461

1.5

4.5

7.57

303

2

6

9.96

230

2.5

7.5

12.45

185

3

9

14.94

154

Please see Section 4.3.1 in Chapter 4 for more details on construction and Chapter 5 for more
details on testing.
3.5.3 Circuit Design of Testing Rig
With the microwave transformer and load bank designed, a 15A breaker was installed to prevent
any overcurrent on the primary side of the transformer, see Figure 3.76 below. The transformer
frame was grounded as well to prevent any possible shocking.

Figure 3.76: Circuit Of Step-down Transformer And Load Bank

3.6 Validating Current Transformer Burden and Magnetizing Reactance
To understand the maximum load that the current transformer is able to power through induction
and to better represent the equivalent circuit for simulation, several design calculations were
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performed in the sections below.
3.6.1: Validating Current Transformer Burden Capacity
To ensure that the current transformer that will be powering the sensor electronics is able to
provide the needed current and power demanded, calculations were done to verify this. In section
5.8, the current transformer was characterized to verify that the theoretical calculations matched
with actual tested results. As seen in Figure 3.77, the approximate current transformer equivalent
circuit was used to calculate the maximum VA at varying current transformer loads and varying
step-down transformer loads. To restate, the varying step-down transformer simulated different
currents that could be found on distribution lines.
Series B CT - 1000:5
ZBurden- Maximum ≈ 1-4Ω

Assume Operating 1000A
Z2 ≈ .2
I’ + Iex = 5A
Assume IEX << I’
Let ZB = 1Ω + .2Ω = 1.2Ω
5A(1.2Ω) =Vjxm = VZEQ = E2 = 6V
E1 = E2 (5/1000) = 6(5/1000) = .03
E1 = 30mV
VALOAD= I*E2 = (5A)(2V) = 10VA
Assuming PF≈1
Figure 3.77: Sample Calculation Of Current Transformer Maximum Burden
Table 3.6.1.1 summarizes the VALoad, E2 , E1 , and equivalent impedance that the current
transformer sees at different current transformer loads and different primary currents.
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Table 3.7: Calculated Maximum Burdens For Current Transformer
IPrimary = 1000A, ISecondary = 5A
ZB (Ω)

1

2

3

4

ZEq (Ω)

1.2

2.2

3.2

4.2

E2 (V)

6

11

16

21

E1 (mV)

30

55

80

105

VALoad

30

44

80

105

IPrimary= 50A, ISecondary = .25
ZB (Ω)

1

2

3

4

ZEq (Ω)

1.2

2.2

3.2

4.2

E2 (V)

.3

.

16

21

E1 (mV)

30

55

80

105

VALoad

30

44

80

105

IPrimary= 300A, I Secondary = 1.5A
ZB (Ω)

1

2

3

4

ZEq (Ω)

1.2

2.2

3.2

4.2

E2 (V)

1.8

3.3

4.8

6.3

E1 (mV)

9

16.5

24

31.5

VALoad

2.7

4.95

7.2

9.45

3.6.2: Calculating the Magnetizing Reactance and Impedance
To better simulate the current transformer in simulation programs, it was important to find an
equation that was able to relate the magnetizing reactance to measurable voltages and currents
when the current transformer was tested. Being able to simulate the equivalent circuit of the
power current transformer was important when designing the power electronics, see Section
3.2.5.
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Figure 3.78: Analysis On Finding Magnetizing Reactance And Impedance
See section 5.8.2 for a sample calculation of the magnetizing reactance and impedance of the
power current transformer based on collected data.
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Chapter 4: Development and Construction
Once each module was designed, the design was brought to fruition through the development
and construction stage. Whether ranging from constructing the step-down transformer needed for
testing to developing the software needed to read sensor information, the development and
construction chapter provides an insight on this process.

4.1 EMF Proofing and Weatherproofing
The electronics inside the storage compartments need to be sheltered appropriately from the
weather and electromagnetic fields. While the 6.6mm wall thickness of the storage compartments
aids in protecting from EM fields and weather, they are not absolute.
4.1.1 Weatherproofing (Moisture, Dust, and Rain)
To aid in making the overall device weatherproofing, several steps were taken. The first step in
weatherproofing was dealing with the 10mm holes created on both c-covers and the bottom
covers of each respective side clip. The 10mm holes for the c-cover are there to allow for the 5V
connection to be made. The other 10mm holes allow for the current transformer connections to
be made underneath the side clips and connected to their respective locations. To keep these
holes weathertight, cable grommets were inserted, see Figures 4.1 and 4.2 below.

Figure 4.1: Physical Cable Grommet (Angle)

Figure 4.2: Side Clip With Grommets and Seals

The grommets have a turning mechanism that tightens the seals inside the locking nut to create a
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weatherproof seal. The grommets are rated at IP68 as well. To ensure that no moisture or dust
can get inside the enclosure, RTV silicone was placed at the insides of the grommet holes. The
c-cover and bottom cover on each side clip are held in place with eight #6-32 x ¾” screws. These
screws aid in creating the seal needed. To better ensure weatherproofing, neoprene rubber was
cut and placed on the brims of the storage compartment, see Figures 4.3 and 4.4 below. In Figure
4.3, the c-cover and bottom cover are in place, creating a flat seal when screwed in place. To deal
with the thickness of the seal created, the holes for the machine screws were offset by 1mm for
the c-covers. The bottom cover causing compression on the seals did not need its holes offset.

Figure 4.3: Example Of Seals On Bottom Of Power Side Clip

Figure 4.4: Example Of Seals On Side Of Power Clip

The sensor clip has more inherent openings to allow access for the thermocouple and the
humidity sensor. To cover these openings, RTV silicone was used as well to create a
weatherproof seal.The thermocouple was placed at the bottom of the cover to limit any water or
dust that can enter, see Figures 4.5 and 4.6.
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Figure 4.5: Top View Of Bottom Clip Of Sensor Clip

Figure 4.6: Bottom View Of Bottom Clip Of Sensor Clip

The humidity sensor was placed on the side of the clip to have easy exposure to the environment.
The channel created, as seen in Figures 4.7 and 4.8 below, allows for the humidity sensor IC to
have access to the environment but not direct exposure to prevent any elemental damage.

Figure 4.7: Inside View Of Humidity Sensor Location

Figure 4.8: Outside View Of Humidity Sensor Hole Location

4.1.2 Electromagnetic Field Proofing
As seen in the figures above, the inside of the side clips have EMF shielding inside to help limit
any EMF inside, which could affect the electronic operation. For more detail and testing on this,
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please read Section 3.1 EMF Shielding Module. For placement of the shielding, the top and
bottom of the clips was the most imperative because that was the direction of the magnetic field,
in accordance with the right hand rule. The top of the c-cover and the bottom cover lids were
shielded first and the most extensively, see Figure 4.9 below. Any excess shielding was placed on
the right and left sides of the storage compartments, as seen in Figures 4.3 and 4.4.

Figure 4.9: C-Cover Shielding Example
The actual MuMetal™ shielding came in A11 sheet sizes with a .004” thickness. This material
was cut with metal shears to best fit the sides. Since the adhesive that was on the shielding was
not sufficient at times, super glue was utilized to help ensure a permanent adherence to the sides
of the storage compartments. For the bottom of the c-cover and the top of the bottom cover,
continuous pieces of shielding were used, since the majority of magnetic waves would come
from the vertical direction. Any excess shielding was placed on the left and right sides to aid in
reducing any magnetic field interference.

4.2 Assembling the Sensor Electronics Side Clip
The sensor electronics had to be assembled in the sensor side clip and secured. The connections
to the microcontroller, sensor PCB, SIM PCB, humidity sensor, and current sensing resistors
were also installed.
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4.2.1: Stacking the PCBs
The sensor board PCB, sim PCB, and microcontroller were sized appropriately so that they could
be stacked on top of each other to maximize room in the sensor clip’s storage compartment, as
seen in Figure 4.10 below.

Figure 4.10: PCBs Installed In Sensor Side Clip
The three stack of PCBs were mounted to the bottom cover’s standoffs using four #4-40 x ⅜”
screws. The bottom cover was not screwed into the side clip assembly until all coding was
completed. The humidity sensor PCB was also attached to the side of the sensor clip using four
#4-40 x ⅜” machine screws.
4.2.2: Placing Current Sensing Resistors and Cable Connections
The current sensing resistors were mounted on the top shelf of sensor side clip using four #4-40
x ⅜” screws. With each resistor being 100mΩ, the resistors were soldered in parallel using 12
gauge solid core wire. Solid core wire was used because the current through the resistors could
be significant under fault conditions. The voltage sensing connection that is fed into the ADC
was connected with 22 gauge stranded and soldered to the 12 gauge of the resistors. 22 gauge
stranded core was used to give flexibility to the cables once fed through the side holes of the
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shelf and connected to the ADC terminals. 16 gauge stranded wire was used for the current
transformer to aid in flexibility and again they were soldered to opposite ends of the current
sensing resistors. From the sensor PCB power terminals, 16 gauge stranded wire was run through
the shelf and eventually through the c-cover and its grommet. These connections and the current
sensing resistors can be seen in Figure 4.11 below.

Figure 4.11: Top Shelf Connections And Current Sensing Resistors Of Sensor Clip

Figure 4.12: Connections To Current Sensing Transformer
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As seen in Figure 4.12, the current sensing transformer connections had spade terminals attached
to aid in screwing them down. To ensure a good connection that is not solely relied on crimping,
the spade terminals were soldered to the 16 gauge wire. Any stranded core cables were
pre-tinned at the tips to help them make good physical contacts in the terminals of the PCB.

4.3 Construction of Step-Down Transformer and Load Bank
The development and construction of the step-down transformer and load bank required special
precautions to ensure the safety of individuals when operated.
4.3.1 Construction of Step-Down Transformer
In order to construct the step-down transformer, a microwave had to be disaambled. Once the
transformer was exposed, the main capacitor was discharged by shorting the lead for an extended
duration.
In order to change the windings of the transformer, the transformer had to be opened. To gain
access to the inside of the transformer, the spot welds were cut using a Dremel™. Once the spot
welds were sufficiently cut through, the transformer split open. The secondary windings were
removed and the two turns of 1/0 were installed. To seal the transformer back, JB Weld was
applied to the seams and clamped down with several clamps for twenty four hours, see Figure
4.13.

Figure 4.13: Transformer With JB Weld Applied
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To secure the entire testing rig, the transformer and its connections were mounted to a board of
.75” x 7.5” x 36” and screwed into place, see Figure 4.14. The lugs were also connected after
stripping the ends of the 1/0.

Figure 4.14: Entire Step-Down Transformer Testing Rig
As seen in Figure 4.15, a PVC electric box was made to connect all the electrical connections to
the transformer, breaker, and outlet plug. The interconnections were made with 14 gauge single
core cable. Each connection was secured with an electric twist cap and placed inside the electric
box. Any connections done outside the electric box had heat shrink wrapped around.The electric
box was mounted to the wooden board to ensure it would not move during operation. The
breaker locking mechanism is simply pieces of wood that ensure that the breaker’s electrical
connections or the breaker itself cannot be moved without removing the sliding piece of wood.
The metallic frame of the transformer was grounded as well with a ring terminal, which provided
the connection. The same power cable was used from the original microwave.
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Figure 4.15: Zoomed In Picture Of Step-Down Transformer Rig

4.3.2 Construction of The Load Bank
As described in the design section, steel rods were chosen to construct the load bank. These rods
have a low impedance and would be able to dissipate the heat generated. To hold the rods in
place, cinder blocks were chosen as they have a high melting temperature and would be able to
securely hold the rods in place. Even for massive currents produced, the cinder blocks would not
deform, melt, or get hot. The two cinder blocks were drilled to allow for the rods to be fed
through, as seen in Figure 4.16.

Figure 4.16: Top View of Load Bank
To connect the rods in a series configuration, aluminum plates were used. In order to fasten the
lugs of the secondary to the load bank, quarter inch washers and nuts were used.
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Figure 4.17: Load Bank Connection
In order to maintain a consistent 400A current draw, a second low bank was designed. Rather
than using the zinc plated steel rods as used above, a steel plate with no coating was used. One
issue with the rods originally used was that when the step-down transformer was used for
extended durations, the rods heated, significantly reducing the current through the load. While
this load bank would be sufficient for quick testing, the power electronics needed a more
consistent way to test their functionality. A 1.5” x 48”x 3/16” steel flat bar was used, see Figure
4.18.

Figure 4.18: Steel Flat Bar Load For 400A Current Draw
To ensure that the steel flat bar would not move during testing, especially when hot, the original
cinder blocks for the load bank were chiseled on top to hold the flat bar. As seen in the figure
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above, several holes were made. The two end holes were added to create a secure connection to
the plate. Extra holes were also added. When the steel flat bar load was originally designed, the
current was too high, closer to the 500A range. To fix this, the cross sectional area was reduced
by drilling holes into the plate. With a lower cross sectional area, the resistance increased, which
lowers the amount of current through Ohm's Law, see Figure 4.19 for the original calculation for
the steel bar impedance.
ZLoad= ρ*L/A
L =of Steel Flat Bar = 4’ = 1.2192m
Thickness =3/16” = .00476m
Width = 1.5” =.0351m
ZLoad = (7 * 10-7 Ω-m)*(1.2192) / (.0351m *.00476m) = 4.983m Ω
VSecondary = ILoad * ZLoad
ILoad =2.3V/4.983m Ω = 461A
Figure 4.19: Impedance Calculation Of Steel Flat Bar

4.4 Assembling the Power Electronics Side Clip
The power electronics had to be assembled in the power side clip and secured. The connections
to the power electronics PCB, thermistor, batteries, and 5V were also installed.
4.4.1 Mounting the Power Electronic PCB and Connections
The power electronic PCB was mounted on the top shelf and screwed to the standoffs using four
#4-40 x ⅜” screws. The batteries were placed in their battery compartment holder and its cables
were fed through the left 10mm hole and connected to its correct terminal block. Similar to the
current sensing CT, the connections of the power electronics CT were made with 16 gauge
stranded wire and connected to its respective terminal block once fed through the bottom
grommet of the cover and through the 10mm side hole on the right.. The thermistor was also
connected to its correct terminal block and fed through the left side as well. Finally, the 5V rail
was made using 16 gauge stranded wire and color coded, red being positive, and fed through the
c-cover’s grommet. These connections can be seen in Figure 4.20 below.
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Figure 4.20: Assembly Of Power Electronics Side Clip
As seen in Figure 4.21 below, the power electronics transformer connections had spade terminals
attached to aid in screwing them down. To ensure a good connection that is not solely relied on
crimping, the spade terminals were soldered to the 16 gauge wire. Any stranded core cables were
pre-tinned at the tips to help them make good physical contacts in the terminals of the PCB.

Figure 4.21: Connections To Power Electronics Current Transformer
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4.4.2: Battery Holder and Connections
To connect the batteries in a parallel combination, 12 gauge wire was soldered to the back of the
battery holder. Once the parallel connection was made, the back of the battery holder was
covered in electrical tape to prevent any electrical shorts, see Figure 4.22 below. Also, the
thermistor was placed on top of the batteries with heat resilient Kapton’s tape to ensure that it did
not move if the batteries got warm. The battery holder was also secured to the bottom cover with
Velcro to make it feasible to remove the battery holder during maintenance but to also maintain
immobility during normal operation.

Figure 4.22: Top And Bottom View Of Battery Holder And Connections

4.5 Software Development
Developing software for the B96B-F446VE required familiarity with ARM’s Mbed toolchains
and library. While there are multiple ways to generate Mbed code, including an online compiler
and a command-line interface, the final chosen development environment was Mbed Studio, a
new IDE which featured library integration, Mbed code completion, and a debugger for
troubleshooting [42]. There were complications in dealing with the IDE as it was in beta testing,
mainly with regards to debugging, but the convenience of being able to both develop and run
code in the same environment with a well-designed GUI trumped the other alternatives.
The Mbed library offers multiple useful constructs for program development, specifically with
respect to timing, interrupts, and communication. For each mode of primary communication used
in the project (SPI, I2C, and UART), the library defines a respective class with functions for
sending and receiving [43]. Timers and delays were also available to coordinate the data sending
process, and interrupt service routines (ISRs) could easily be attached to any class object if
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necessary. Each class and function serves as an abstraction for the lower-level synchronization
and hardware instruction; while it is useful to have control at this fine level, the high-level
implementations proved both effective and convenient during the process of software
development.
4.5.1 Main
The structure of the main program follows a loop topology, as many microcontroller programs
do. Simply put, each sensor is initialized once in turn, and then each sensor is repeatedly probed
(by executing sensor-specific functions, see Section 4.5.2) for data sequentially for as long as the
sensor electronics are powered. Figure 4.23 below represents the main program flow; the tasks
and conditions related to a specific sensor are highlighted in a unique color. The initialization
sequence (in gray) initializes all the sensors using respective functions, but given that this section
is ideally executed only once, it is highlighted with a color separate from all the others.
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Figure 4.23: Program Flowchart
The main program has two primary functions: it must periodically collect and publish sensor
data, and also check each sensor reading for correspondence to a set of thresholds. Although data
is published every 30 seconds (sending the last read data from every sensor), threshold violations
must be checked more frequently; the flowchart shows that each updated value read from a
sensor is immediately checked for a violation, and if it does, a bit in a single-byte “error” value
will be set to 1. Table 4.1 below depicts the structure of the error byte, specifically what
condition each bit represents, and the thresholds which trigger those bits.
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Table 4.1: Error Byte Breakdown
Bit In
Error Byte

Binary

Hex

Decimal

Error

Threshold To Set Bit

BIT7

10000000 0x80

128

System Reset

Sensor Error Caused Reset

BIT6

01000000 0x40

64

Unused

-

BIT5

00100000 0x20

32

Unused

-

BIT4

00010000 0x10

16

Current Too High

Current > 550A

BIT3

00001000 0x08

8

Current Too Low

Current < 50A

BIT2

00000100 0x04

4

Temperature Too High

Temperature > 200°C

BIT1

00000010 0x02

2

Humidity Too Low

Humidity < 30%

BIT0

00000001 0x01

1

Acceleration Too High

Acceleration > 30m/s2

The thresholds for the above errors were initially chosen based off of planned system
specification or educated estimates, then later adjusted based on testing. Although the system
operates optimally between 50A-400A of line current, the over-current threshold is set at 550A
as the test setup can exceed 500A upon startup. When compared to this high threshold, the
current value must also be less than 10,000A to ignore rare ADC conversion errors. The
temperature threshold was chosen based on the temperatures at which wood and brush would
ignite, and the humidity and acceleration (maximum magnitude of the X, Y, and Z directional
accelerations) values are theoretical limits which were not tested [44].
Because current spikes can be very short in duration, it is crucial that the system be able to detect
surges at the maximum rate possible (which is based on the ADC OSR, see Section 3.3.4). A
single cycle of data collection from all sensors is very short, but not short enough to detect spikes
which may occur when the program is in the process of reading another sensor. To resolve this,
an ISR was developed to interrupt the execution of the main loop whenever the ADC notified the
microcontroller that it was finished with a conversion. After interrupting, the microcontroller
would immediately read the ADC’s current value and compare it to the high threshold, set the
over-current flag if needed, and then return to the last point in the main loop. Note that this
method does not apply to testing for low currents, as the instantaneous values collected in the
ISR can be less than the threshold even when the RMS current is within the allowed range.
The main program also initializes another ISR to coordinate sending data to the remote server.
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The initialization sequence sets up a TCP connection between the device and the server, and also
initializes a timer (called a Ticker) to determine when to send data. The Ticker is given an input
parameter representing a number of seconds, and triggers an interrupt after counting down from
that parameter value to zero (and then resets itself). In the program, the Ticker is configured to
trigger an interrupt every 30 seconds, and the ISR for this interrupt sets a flag indicating that data
needs to be sent. In the main loop, after collecting sensor data, this flag will be checked; if it has
been set, the data will be packed into a JavaScript Object Notation (JSON) object and sent over
the established TCP connection. After sending, the send flag and the error byte will be cleared.
The JSON format is necessary because Soracom Harvest can only parse data for graphical
representation in this format; the message structure is shown below in Figure 4.24. Note that the
error byte is sent in hexadecimal format without leading zeros, the current value is an RMS
measurement, and the acceleration value is the maximum of the magnitudes of the X, Y, and Z
directional accelerations. All non-error values are packed as decimal values rounded to the
nearest hundredth.
{
“H (%)”:<humidity value>,
“T (C)”:<temperature value>,
“A (m/s^2)”:<acceleration value (highest magnitude among directional measurements)>,
“I (A)”:<RMS current value>,
“ERROR (0x)”:<error byte in hexadecimal format without leading zeros>
}
Figure 4.24: JSON Message Format
4.5.2 Sensors
The humidity, temperature, and acceleration sensors were easy to implement. Since these sensors
are commonly used in microcontroller projects, Mbed code which contained classes and
functions for these sensors were available in an Mbed repository for free unlicensed use. To
conform these programs with the B96B-F446VE, the sensors were configured to work with the
microcontroller’s respective communication interfaces, and then tested for proper operation by
printing the measured data to a serial terminal. Minimum calibration was necessary for these
sensors.
Development of the SIM code started by making use of the example code located in Botletics’
GitHub repository [33]. The primary issue with this code is that it is configured for Arduino
devices, and uses functions only available in the Arduino library. In order to make use of the
code, each of these instances had to be replaced with Mbed library equivalents. The primary
differences were in the manner of serial communication; the Arduino library has a
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SoftwareSerial class which allows the use of any two GPIO pins to communicate using the
UART protocol, but the Mbed library only supports Serial communication with pins whose
hardware can support UART. Additionally, the different Serial classes have different functions to
send data, and each Arduino “print” function needed to be replaced with an Mbed “write”
function. Even after converting the code to adhere to Mbed standards, there was a
communication issue between the B96B-F446VE and the SIM7000A; the issue was that the
Mbed general Serial class was unreliable for receiving UART data, and the solution was to
instead use the Mbed UARTSerial class. After establishing intermodular communication, the
next step was to connect to a network; this required gaining familiarity with the SIM7000A
library functions, as well as lower level commands called by the functions. This required
troubleshooting, but eventually the SIM could be prompted to discover new networks and
connect to the AT&T LTE Cat-M network using Soracom’s APN. With the SIM now connected,
cellular data could be enabled, and data could be sent either via text or regular data.
The ADC was the toughest module to implement, as there was no code to be found for the
MCP3561. This meant developing a C++ class from scratch; the temperature sensor code was
used as a template as both the MAX31855 and the MCP3561 use the same SPI bus (and thus the
same communication functions). After perusing the datasheets to determine how to configure the
sensor, an initialization function was developed, followed by a function to read the ADC’s data
register for the raw, digital temperature data. This data could be converted to find the input
voltage by dividing by the max digital value (8388608) and multiplying by the reference voltage
range (3.3V - 0V = 3.3V) [30]. This value can then be converted to find the primary current by
dividing by the burden resistance (.05Ω) and multiplying by the current sensing transformer’s
turns ratio (600/5 = 120). Both the voltage and primary current calculation stages also required
calibration (see Section 5.7). Even with these functions, only an instantaneous current could be
measured; in order to find an RMS value independent of the frequency, multiple values had to be
collected over a period of time. It was theorized that storing an array of 40 values (an OSR of
1024 meant 20 samples per current period, see Section 3.3.4; the RMS would be calculated over
2 periods), finding the maximum and minimum of them, and finding the difference between the
two would give an accurate amplitude value, but 20 samples per period is too infrequent to
actually capture the values at either peak. To resolve this, the process of collecting 40 values was
repeated 20 times, with a randomized delay in between to line up the sampling phase with the
current phase. The maximum amplitude of each of the 20 iterations would be the chosen RMS
value.

4.6 Enclosing the Chassis and Final Design Assembly
With all the electronics being placed inside the side clips, all the weatherproofing/EMF proofing
being done, and individual module testing done already, the chassis could be assembled for final
product review.
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4.6.1 Placing C-Cover and Bottom Covers of Side Clips
As specified in the 3.4 Chassis Design Module, the c-covers and the bottom covers of the side
clips were made removable to aid in installing the electronics. For each c-cover, there a total of
four #6-32 x ¾” screws and a total of four #6-32 x ¾” screws for the bottom cover. In total, it
takes sixteen #6-32 x ¾” to enclose the assembly, see Figure 4.25 below for the type of machine
screw used.

Figure 4.25: #6-32 x ¾” Machine Screw
4.6.2 Final Electrical Connections
Once the CT terminal cables were connected to the transformers with a screwdriver, as seen in
Figure 4.26 below, the cable grommets were fastened and locked. For the 5V rail, the connection
from the power clip was fed through the top clip channel and fed into the sensor clip and
connected. In order to ensure that the batteries did not drain when testing, a bullet connector was
added in the five volt rail, acting as a switch. Once the 5V connections were made, the cable
grommets were fastened and locked.
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Figure 4.26: Bottom View Of Assembled Device
4.6.3 Snapping the Clips On
After all the electrical connections were made, the side clips and the top clip were snapped onto
the current transformers with the clamping screw and plates being left off until final testing, see
Figures 4.27 and 4.28 below.
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Figure 4.27: Top View Of Assembled Device
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Figure 4.28: Front View of Assembled Device
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Chapter 5: System Performance and Testing
To validate the functionality of the distribution line multi-tool, several tests were performed.
Each module was tested to check individual performance and to ensure both the customer needs
and engineering specifications were met. Once each module was calibrated and performed as
designed, each module was integrated and tested with the other modules for system testing.

5.1 EMF Testing
Testing for electro-magnetic interference is important to show the effectiveness of the
MuMetal™ in reducing the effect of magnetic fields inside of the enclosure. A test was devised
in order to show this exact effect
5.1.1 EMF Testing Procedure
One of the easiest ways to detect a magnetic field is through the use of a coil of wire. An
alternating current produces an alternating magnetic field, which produces an EMF and with a
path of conduction will produce a measurable current. The first part of testing required the
production of a coil of wire as shown in Figure 5.1. This coil would be used to produce a
measurable current to see the magnitude of the magnetic field. Next a source of magnetic flux
was needed to produce the current in the coil. This was achieved through the use of a step-down
transformer with a secondary current of around 200 A. For the first part of the test, the coil is
placed the same distance from the conductor as it would be in the enclosure, which is about 1.5”.
The initial standard control testing setup is shown in Figure 5.2. The next setup requires the coil
to be placed into the EMF shielded compartment, as shown in Figure 5.3. Finally, the two
currents with and without shielding are compared. A decrease in magnitude of the current
suggests that the EMF shielding is reducing the current and thus redirected the magnetic field.
This is assuming all other factors are held fairly constant.
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Figure 5.1: Current Sensing Coil

Figure 5.2: Sensing Coil With Magnetic Field Generated From Transformer
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Figure 5.3: Current Sensing Coil Inside Of The Enclosure
5.1.2 EMF Testing Conclusion
The EMF testing revealed several interesting results regarding the EMF shielding. During testing
several different secondary currents were used and they produced various currents inside the
testing coil. Figure 5.4 shows a comparison of testing coil currents inside the enclosure versus
outside. Although the data is crude, there is a general trend that shows that there is a decrease in
the magnitude of the current in the sensing coil and suggests that EMF shielding is having an
effect. To better test this, a legitimate Gaussmeter would need to be used.

Figure 5.4: EMI Shielding Vs No EMI Shielding
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5.2 Weatherproofing Test
One original engineering specification for the device was for it to be weather resilient. Since this
device is overhead outdoors, it must be able to survive the elements from the environment. The
electronics inside the storage compartments of the side lips must keep moisture, rain, and dust
particles out to ensure proper operation. From dry, sandy conditions to monsoon rains, California
has a vast amount of climates at any given time of the year. In order to ensure that the device is
able to operate in these climates, some general weatherproofing testing was done.
5.2.1 Waterproofing Testing Procedure
As seen in Section 4.1 EMF Proofing and Weatherproofing, several measures were taken to
weatherproof the device. These measures included installing IP68 cable grommets for the four
10mm holes that carry current transformer sand 5V rail connections. Cut neoprene rubber seals
were placed on the bottom covers and c-covers. For any remaining holes, such as the
thermocouple hole and humidity sensor, RTV silicone was used. To test the water resistance of
the enclosure, both side clips were closed up with their c-covers/bottoms covers and tightened
with their respective screws, see Figure 5.5 below. No electronics were inside the enclosure
when weatherproofing testing was done. Unconnected cables were inserted into the grommets to
create a temporary seal.
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Figure 5.5: Side Clips Enclosed With Screws
To mimic rain conditions, a water hose with an adjustable nozzle was used. Essentially, the hose
was sprayed at both the enclosed side clips at different water pressures and at different
directions, see Figure 5.6 below. The nozzle was pointed four inches away from the clips as an
individual held the clip. As seen in the figure below, the clips were subjected to water on all their
faces for at least five minutes to facilitate what the actual device would encounter in conditions
where wind or rain was present.
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Figure 5.6: Directions In Which Side Clips Were Exposed To Water
Another test done to verify water resilience was to leave the device overnight and check for the
water condensation inside the enclosure, especially on the EMF shielding. This test was done on
three consecutive days where it was humid during the day and cool at night, allowing for the
possibility for condensation to build on the inside of the clips.

Figure 5.7: Chassis With Dirt On Side And Top
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Similar to the rain simulation, a dust simulation was done to ensure that the weatherproofing
done could keep fine particles out of the enclosure, see Figure 5.7. Fine dirt was consecutively
tossed at both the side clips from multiple directions at different speeds to verify whether or not
particles entered the storage compartment.
5.2.2 Weatherproofing Testing Conclusion
In both the waterproofing and dirt testing, the seals, grommets, RTV sealant, and the covers with
their screws, all proved to keep water/moisture and particles out. Even with spraying the water
hose at the top clips in different directions, different water pressures, and turning it upside down,
no water got inside. No condensation from overnight was built up inside either. Lastly, no dirt or
fine particles got inside when subjected to covering the side clips in dirt. The storage
compartment managed to stay both clean and dry. As seen in Figure 5.8 below, after the
waterproofing test, water built up on the seals but never got inside the actual storage
compartment.

Figure 5.8: Seal With Water Build-up After Waterproofing Test
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5.3 Chassis Integrity Testing
Several tests were done to validate the integrity of the chassis under several potential conditions.
In section 5.3, several tests were performed, which include a temperature resilience test, drop
test, and glow in the dark test.
5.3.1 Temperature Resilience Test
Since the device is to be overhead and directly exposed to the sun for several hours of the day, it
is imperative to validate whether the chassis and its components can endure the sun’s radiation.
Being overhead in the sun can make the chassis reach high temperatures. In order to best
simulate actual outdoor temperatures, the chassis was subjected to the sun for several hours of
the day and later to the night’s cooler temperatures.
The first portion of the test was done by leaving extra chassis prints with the same infill and
layer settings as the final prints, directly in the sun for the day. The later portion of testing was
done by leaving the prints overnight, exposing it to cooler air, to see if any cracking within the
print occurred. The position of the prints were not moved throughout the day. This process of
leaving the print outdoors was done for three consecutive days. The prints were checked every
three hours during the day and checked early in the morning. In Table 5.1, the outdoor
temperatures in the city of Covina, CA were recorded as well as the maximum and minimum
temperatures for the chassis prints. All the temperatures were recorded with an infrared
temperature gun.
Table 5.1: Summary Of Measured Chassis Temperatures
Day

Outdoor Day
Temperature (°F )

Outdoor Night
Temperature (°F )

Maximum Chassis
Temperature (°F )

Minimum Chassis
Temperature (°F)

April 20th

65

54

311

54

April 21st

73

54

313

54

April 22nd

86

53

309

53

As seen in Table 5.1 above, the print pieces reached a maximum temperature of about 300
degrees and a minimum temperature of around 50 degrees. In Figure 5.9 below, warping did
occur when the temperature of the chassis reached around 300 degrees during the day. This is
due to the Hatchbox PLA temperature having a melting temperature of 300° F. This warping and
whiskering is not ideal, especially for any mounting or clipping mechanisms.. However, since
this is a prototype, the material chosen for a final product design would be made of a more heat
resilient material so that it can endure higher temperatures. Please see Section 6.2.3 for future
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chassis improvements. In regards to cooler temperatures, the prints did not seem to visibly crack.

Figure 5.9: Bottom Cover with Apparent Warping and Whiskering in High Temperatures
5.3.2 Drop Test
Under ideal circumstances, once the device is clamped onto the distribution line, it should never
fall. The clamping mechanism and snap-on capabilities of the current transformers should
prevent it from falling unless the line itself were to be cut and fall.
As a brief test, extra chassis pieces with the same print settings as the final design were dropped
from different heights until significant damage was seen. The chassis pieces were dropped at
increments of two feet. Three pieces were dropped: a top clip, a c-cover, and a side clip.
Table 5.2: Summary of Chassis Damage Taken When Dropped
Distance Fallen (ft)

Top Clip Damage

C-Cover Damage

Side Clip Damage

2

No

No

No

4

No

No

No

6

No

No

No

8

No

No

No

10

Yes

Yes

Yes
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Figure 5.10: Chassis Damage After Drop Test
As seen in Figure 5.10 there is apparent damage after the prints had been dropped.
As said in Section 5.3.1, see Section 6.2.3 for project improvements in regards to picking
stronger material.
5.3.3 Glow in the Dark Test
Though not directly related to chassis integrity, the glow in the dark effect was tested. Extra
pieces of the chassis were left in the sun for approximately twelve hours, approximately the
duration of the day. Once exposed to the sun for long enough, the prints were taken to a dark
room and verified how long they glowed until it went back to its stable color state of
transparency. As seen in Figure 5.11 below, the assembled chassis has a maximum glow.

Figure 5.11: Glowing Assembled Chassis
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The lumination effect is not permanent and is dependent on how much it is exposed to the sun
during the day. As seen in the graph below, measurements taken show a dependency on sun
exposure. However, even with more sun exposure, the duration of lumination saturates.

Figure 5.12: Lumination Vs Sun Exposure

5.4 Clamping Mechanism and Clip Testing
In order to test the clamping and clipping mechanism of the chassis, tests were performed to
validate some of the functionality.
The first test to check proper functionality of the clamping mechanism was to run 10-3 gauge
cable with a .5mm insulated jacket through the chassis and clamped to the conductor, see Figure
5.13 below. The threaded plate and the base plate were inserted and the clamping bolt were
tightened with a crescent wrench. The clamping mechanism on both ends of the line was able to
be secured in under two minutes. In Figure 5.13, the conductor was held at the end by two people
to ensure that the line would not slide back and forth. This test mimics the actual device
suspended overhead on a conductor. The test proved a success and did not slide or flip upside
down even with sudden jerks on the line. In Figure 5.14, another test was done to ensure that the
clamping mechanism can support the weight of the chassis and its components. As seen in
Figure 5.14, the conductor was held vertically to have the chassis in a vertical orientation. The
chassis did not move or slide, ensuring that the clamping mechanism can support its weight of
approximately five pounds. Note, this test was not done with all the electronics inside or the
power CT latched, but had the sensor PCB’s, current sensing resistors, batteries, and the current
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sensing transformer inserted and placed.

Figure 5.13: Suspended Chassis Clamped To Conductor

Figure 5.14: Clamped Chassis In Vertical
Orientation

A brief test was conducted to see if the clipping mechanism that the top clip, side clip, and
transformers all share were all functioning and easy to fasten when assembling the chassis. To
test, three different individuals were tasked in putting the chassis together in under five minutes.
This included placing the clamping mechanism on the conductor, snapping the side and top clips
on, and screwing the c-cover and side covers on. Each individual was given five minutes to
assemble and had the appropriate tools to do it. All three individuals were able to put the chassis
together correctly in the time allocated.
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5.5 Humidity and Temperature Test
The humidity and temperature sensor provide imperative details on nearby weather temperatures.
In order to ensure the validity of such measurements, both the humidity and temperature sensors
were tested with other calibrated sensors.
5.5.1 Humidity and Temperature Testing Procedure
Several different thermometers and humidity readers were used to validate the temperature and
humidity values for the distribution line multi-tool. To test the volatility of temperatures that the
device can be subjected to in overhead settings, three basic measurements were taken. These
measurements include an extremely cold temperature to mimic the northern California winters,
an extremely hot temperature to mimic southern California heat waves, and a normal ambient
temperature that most of the state is accustomed to.
The other sensors included, a Fluke multimeter, Centek multimeter, Acurite ambient temperature,
and a Nubee infrared temperature gun, as seen in Figure 5.15 below. Both the Fluke and Centech
utilize thermocouples, which is the same method that the project multi-tool uses. The Acurite
uses a thermistor topology and the Nubee thermometer relies on infrared measurements. Due to
geometric constraints, some sensors could not be placed on the corresponding areas for extreme
temperature tests.

Figure 5.15: Several Of The Thermometers Used For Testing
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To test for cold temperatures, the thermocouple of the multi-tool’s temperature sensor was placed
in a drop freezer for a duration of five minutes. The other thermometers were also subjected to
the same temperature, see Figure 5.16.

Figure 5.16: Example Test For Cold And Hot Temperatures
To test for hot temperatures, the thermocouple of the project’s temperature sensor was placed
two inches away from an induction stove top on high heat for five minutes. The other
thermometers were also subjected to the same temperature, see Figure 5.16.
Finally, to test the project’s temperature and its counterpart’s ambient temperature and humidity,
they were placed indoors for a duration of five minutes
5.5.2 Humidity and Temperature Testing Conclusion
The results of the experiment can be summarized below. As seen in Table 5.3, the project’s
humidity sensor and temperature sensor are on par with other thermometers and humidity
sensors, validating any calibration that was done in software. The multi-tool’s thermocouple can
be subjected to extreme temperatures and output valid results. The humidity sensor can also
record accurate ambient humidity.
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Table 5.3: Summary Of Humidity And Temperature Testing
Low Temperature

Ambient Temperature

High Temperature

°C

°C

°C

Humidity
5-95%

Project

-5.5

22

326.5

44

Fluke

x

26.9

x

x

Acurite

-3

22

x

44

Centech

x

x

340

x

Nubee Infrared
Thermometer

-8

21.1

329.2

x

As seen in Table 5.4 below, the actual temperature module of the device, can be subjected to
extreme temperatures. Specifically, the thermocouple sets the maximum and minimum
temperatures that can be measured. However, these specifications meet the engineering
specifications described in Chapter 2.
Table 5.4: Maximum And Minimum Input Values For Temperature Module
Thermocouple Maximum
Temperature

Thermocouple Minimum
Temperature

IC Maximum
Temperature

IC Minimum
Temperature

°C

°C

°C

°C

1800

-270

482

-73

5.6 Step-Down Transformer and Load Bank Test
To validate that the currents needed to test the multi-tool, the step-down transformer and the load
bank were tested.
5.6.1 Step-Down Transformer and Load Bank Test Procedure
The step-down transformer and load bank were connected with the lugs and fastened securely to
the rods. For safety, the transformer’s breaker was always in the off state when plugged into the
wall and the load bank was never touched with the transformer live. At first, all nine feet or the
three rods were connected to the transformer. To perform a wide range of current tests, different
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lengths of the load bank were selected. These currents were measured with various meters, as
seen in Figure 5.17.

Figure 5.17: Testing Set-up For Step-down Transformer

5.6.2 Step-Down Transformer and Load Bank Test Results
Without a four wire multimeter, testing the actual impedance of the load was difficult, especially
with the resistance of the rods being small. However, with the clamp meters, measuring the
currents of the primary and secondary and the primary voltage allowed for the load bank and the
transformer rig to be tested. The power factor was measured as well. These tests were done with
the transformer being on for no longer than ten seconds at a time with different loads attached.
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Table 5.5: Measured Voltages And Currents Of Transformer And Load Bank
# of
Rods

Total Length
(ft)

Secondary
Current (A)

Primary
Current (A)

PF

Primary
Voltage (V)

Secondary Voltage
(V)

P4400 Kill a
Watt

Fluke 117

Mastech MS2203

Fluke 323

P4400 Kill a
Watt

Short Circuit

1000

23.8

.81

122.1

x

.5

1.5

286.9

10.5

.59

122.2

x

1

3

213.2

10.1

.33

122.3

x

1.5

4.5

121.5

9.3

.27

122.1

x

2

6

96.4

9.2

.22

122.2

x

2.5

7.5

109.4

9.1

.21

122.3

x

3

9

54.1

9.1

.17

122.4

x

0

8.6

.07

122.2

2.3

Open Circuit

As seen in Table 5.5 above, the transformer and the load bank designed are capable of providing
the currents needed to test the distribution line multi-tool. If the load bank got too warm, the
current that the transformer is able to provide would significantly reduce. Durations in which the
transformer had to be left alone were done to ensure that the transformer and the load bank had
sufficient time to cool down.
Once the steel flat bar load reached a temperature equilibrium, after about ten minutes of
continuous running, it was able to draw a consistent 400A.

5.7 ADC Test and Calibration
The ADC code had to be calibrated in two stages. The first stage involved testing valid DC
values in the range of -1.65V to 1.65V (the burden voltage was measured post-bias). Voltages
were applied to the ADC input terminals in steps of 0.1V, and the ADC-reported values were
compared to voltage measurements made by a Fluke 875 Max multimeter. Both sets of values
were then graphed (with the ADC values treated as the independent variable, and the multimeter
values treated as the dependent variable), and a linear best-fit line was generated to align the
ADC values with the actual voltages, which was then to the code. Figure 5.18 shows the graph
and best fit line for this calibration process.
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Figure 5.18: DC Voltage Calibration Graph And Linear Best-Fit Equation
The second stage calibrated the RMS values generated from measuring 60Hz sine waveforms.
Waveforms were generated with a peak-to-peak voltage from 0V to 3.3V (in steps of 0.2V) and a
DC offset of half the peak-to-peak value. The RMS values measured by the ADC were plotted
against the theoretical values on a graph, and another best-fit line equation was generated to
implement in the code. Figure 5.19 shows the result of the second calibration stage.
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Figure 5.19: RMS Voltage Calibration Graph And Linear Best-Fit Equation

5.8 Current Sensing Test
Being able to measure the current of a distribution line is an important aspect to the project. To
ensure that the current sensing module designed is able to read load measurements accurately,
several tests and calibration methods were utilized.
5.8.1 Current Sensing Test Procedure
The first test done was to measure the resistance of the current sensing resistors with a Fluke 875
Max. Since the resistance of the current sensing resistors has to be as accurate as possible since
the voltage measured across them directly corresponds to the current calculation that the ADC
performs, a Fluke with a high resolution measurement function was used. While the tolerance of
the current sensing resistors was specified to be 1% in the data sheet, any extra resistance from
the soldered connections had to be accounted for, see Figure 4.11.
Once the resistance was measured and the ADC code was done, the current sensing module was
tested by setting up the step-down transformer/load bank and connecting the current sensing
current transformer, see Figure 5.20.
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Figure 5.20: Current Sensing Test Setup
5.8.2. Current Sensing Test Results
In Table 5.6 below, summarizes the resistances of the current sensing resistors, the multimeter’s
measuring leads, and the total seen impedance the ADC encounters.
Table 5.6: Current Sensing Resistor Values
Fluke 87V Max Measured Resistance

.2 Ω

Fluke 87V Max Lead Resistance

.15 Ω

ADC Equivalent Resistance

.05 Ω

The table indicates that the resistance of the current sensing resistors was still approximately
50mΩ despite the solder connections and connections added. The ADC’s equivalent resistance
was found by taking the Fluke’s measurement - the Fluke’s lead resistance.
Table 5.7 shows the data collected from testing the current sensing procedure. The percent
differences between the multi-tool and the Mastech were all less than 10 percent at several
different loads. The Mastech is only capable of measuring up to 1000A while the distribution
line multi-tool is capable of measuring up to 3700A. When a short was performed as the load,
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the Mastech presented an OL (overload) error, meaning it exceeded the 1000A rating.
Table 5.7: Data Collected From Current Sensing Test
Mastech MS2203
Secondary Current (A)

Distribution Line Multi-tool Current
Sensing
Secondary Current (A)

Percent Difference
(%)

.5 Rods

286.9

298.37

3.92

1 Rods

213.1

214.93

.85

1.5 Rods

121.5

133.89

9.7

2 Rods

96.4

105.78

9.27

2 Rods

93.5

102.55

9.2

2.5 Rods

109.4

118.87

8.29

3 Rods

54.1

58.75

8.24

0 (Short)

>1000

1086

8.24

5.9 Current Transformer Characterization Test
The current transformer that is used to power the sensor electronics and charge the battery was
characterized to see how it performs at different loads. Since the sensor electronics have an
inherent impedance, it was imperative to determine whether or not the power current transformer
was capable of providing the needed power.
5.9.1 Current Transformer Characterization Test Procedure
Since the current transformer, the Series B, has a burden of 10VA, different loads were attached
to the current transformer to ensure that the CT did not saturate or malfunction. When testing
this, different loads were attached to the current transformer while varying the load of the
step-down transformer with the constructed load bank.
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Figure 5.21: Current Transformer Characterization Test Setup
10 watt,10Ω cement resistors were used for the current transformer load. 10W resistors were
used to ensure that they could dissipate large amounts of heat for extended durations during
testing, see Figure 5.22. Different combinations of these 10Ω resistors were used to vary the
current transformer load.
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Figure 5.22: 10W, 10Ω Resistor

5.9.2 Current Transformer Characterization Test Results
As seen in Table 5.8 below, the data collected matches the theoretical calculations made in
Section 3.6.1 and 3.6.2. In conclusion, the power current transformer under initial tests should be
able to provide sufficient power to the sensor electronics at different distribution line currents.

114

Table 5.8: Summary of Current Transformer Characterization Test
PT Load CT Load
(Ω)

(Ω)

CT
Secondary
Current
(A)

CT
Secondary
Voltage
(V)

Fluke 117

Cen-Tech
11

CT
Power
(VA)

PT
Primary
Current
(A)

PT
Secondary
Voltage
(V)

PT
Secondary
Current
(A)

PT Primary
Voltage (V)

PF

P4400
Kill a
Watt

Cen-Tech
11

Mastech
MS2203

P4400 Kill a
Watt

P4400
Kill a
Watt

PT
Power
(W)

Turns
Ratio

Open

No CT

-

-

-

8.60

2.20

-

122.2

0.07

85

55.68

3 rod

No CT

-

-

-

9.19

2.15

58.5

122.5

0.17

213

57.25

3 rod

3 parallel

0.253

0.92

0.233

8.82

2.04

55.4

123.1

0.17

191

59.9

3 rod

2 parallel

0.263

1.37

0.360

9.00

2.03

57.2

122.2

0.17

197

60.4

3 rod

1 parallel

0.247

0.25

0.062

8.63

2.02

54.7

122.7

0.17

189

60.3

1 rod

3 parallel

0.605

2.16

1.307

9.05

1.97

125.6

121.9

0.33

375

61.6

1 rod

2 parallel

0.560

2.89

1.618

8.91

1.97

117.2

121.4

0.31

345

61.4

1 rod

1 parallel

0.548

5.31

2.910

9.20

1.96

117.4

121

0.31

350

62.5

0.5 rod 3 parallel

1.637

6.01

9.838

10.90

1.65

334.9

122.5

0.59

-

-

3 rod

12 series

0.122

13.00

1.586

8.65

2.04

57.3

-

0.17

194

59.46

3 rod

6 series

0.198

11.41

2.259

8.88

2.05

57.1

121.3

0.17

191

59.5

3 rod

3 series

0.244

7.15

1.745

8.96

2.08

58.3

122

0.17

198

58.6

3 rod

2 series

0.258

5.04

1.300

9.02

2.09

58.7

122

0.17

198

58.5

3 rod

9 series

0.154

12.71

1.957

9.16

2.06

57.1

122.4

0.17

212

59.7

The data collected allowed for the equivalent circuit of the current transformer to be better
modeled in simulations. The magnetizing reactance and impedance calculated from the data
collected was found to be around 150mH. The magnetizing reactance and impedance is found by
using the equation calculated in Section 3.6.2 and seen in Figure 5.23.
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Xm = 152.93mH
Figure 5.23: Sample Calculation Of Magnetizing Reactance And Impedance

Table 5.9: Summary Of Calculated Magnetizing Reactance And Impedance Of Current Transformer
PT Load (Ω)

CT Load (Ω)

Calculated Lm (H)

3 rod

12 series

153.56mH

3 rod

6 series

157.04mH

3 rod

3 series

121.75mH

3 rod

9 series

152.93mH
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5.10 SIM Test
After configuring the SIM7000A module (see Section 4.5.2), sensor data needed to be sent
reliably to the Soracom Harvest server. Based off of Soracom’s and the SIM7000A’s common
protocols, the transfer had to be via SMS, HTTP, or TCP. SMS was believed to be the simplest
way to communicate, as the SIM7000 library contained a function to send an SMS, so once the
SIM was initialized, a text message would be sent to the Harvest server. Although the SMS
sending function needed to be partially rewritten to account for a UART communication error,
this endeavor was successful. Sending the data via SMS was quick and reliable, but after a day of
testing, it was found that sending a single text cost $0.40, which is very expensive for sending
data frequently, and infeasible for the project’s viability. It was decided that SMS would only be
used for communication if no other protocol could also work.
Since Soracom’s standard data plan charges roughly $0.07 per MB of data sent, establishing data
communication was crucial in curtailing project costs [45]. It was decided to explore sending via
HTTP first, as there existed a library function to easily send data over a POST request. This
function also required a minor overhaul as the SMS function did, but eventually the function
could establish contact with the Harvest server. When testing, however, the process of
communication was found to be very unreliable, for reasons that could not be understood.
Having HTTP serve as the backbone of the project’s wireless communication would require
persistent resetting of the main program, which would compromise the ability to send data in a
timely manner. As a result, HTTP was eliminated as a viable means of communication as well.
The final attempt to communicate would be over TCP, which would result in the same costs as
communication over TCP. The advantage of using TCP is generating a strong connection
between two devices, which requires rigorous checking over both devices’ correspondence. A
properly established connection (using yet another available SIM7000 library function) would
allow sending data perpetually without affecting the connection at any point. After modifying
TCP related functions, a connection was properly set up, and data could be sent reliably. Figure
5.24 shows the Soracom interface during a communication test; 103 items were sent over a span
of roughly 52 minutes, with roughly 30 seconds in between transfers. There are no major errors
or resets caused during this span, which indicates the reliability of communicating over TCP.
Having found a form of communication which is both cheap and reliable, TCP would be used for
all future tests, and in the final program.
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Figure 5.24: Evidence Of Consistent Data Transfer Over TCP

5.11 Accelerometer Test
The LSM6DS3H accelerometer on this chip is able to detect motion in the X,Y, and Z directions.
The best way to test the accelerometer on the board was to provide it with impulse responses
through a series of jolts in each given dimension. Thus, this device was tested by first placing the
accelerometer completely steady upon a table. Next, the device was shook in the X,Y, and Z
direction. The corresponding impulses produced higher values than when an idle state. The code
relating to the accelerometer indicated that the accelerometer detected motion. This entire testing
showed that the accelerometer was indeed sensitive to motion and would alert the user in case of
line motion in real world application. Further calibration was infeasible as an actual accelero-
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meter was not available to compare with the sensor values. Setting an accurate over-acceleration
threshold was also impractical, as this threshold needed to be set high enough to account for
sway on a distribution line, but no lines were easily accessible, the environment could not be
replicated, and neither the wireless communication nor the power electronics were ready in time
to make the device independent enough for accurate acceleration testing.

5.12 Power Electronics Test
The majority of the testing and scope captures for the power electronics pertain to startup
conditions. This is due to the nature of most significant signals of the power electronics being
DC signals that are constant without input transients.
Figure 5.25 shows the startup of the 3.3V rail when provided with power from the battery. The
startup time of this rail is about 18ms from a step input to steady state. The linearly increasing
slope is a result of slew rate control from the TPS2121 power MUX.

Figure 5.25: Startup Of 3.3V Rail From Battery Power
Figures 5.26 and 5.27 show the startup of nets DC_P, DC_P_REG, and the DAC voltage when
tested with a 12VDC source connected to the CT connection terminals. This source was just used
for testing and later tests were performed with the CT connected. See Figure 3.4 for the
aforementioned nets. Figure 5.26 shows that DC_P is short to ground for a small portion of
startup. Figure 5.27 shows the correlation between the rising DAC voltage and the short on
DC_P. This indicates that there is a short period of time when the control circuitry is receiving
power but the DAC voltage has not been established to an appropriate value.
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Figure 5.26: Ch1: DC_P (8V/div); Ch2: DC_P_REG (8V/div)

Figure 5.27: Ch1: DC_P (8V/div); Ch2: DAC Voltage (500mV/div)
When designing the power electronics, it was critical to ensure that the device would handle fault
currents without having any voltage spikes occur. Figure 5.28 shows how DC_P_REG responds
to a fault current of about 1250A. With this much current, the maximum voltage that
DC_P_REG should approach is 15V. Figure 5.28 shows that this is working as expected. Figure
5.29 shows the trace of DC_P_REG from Figure 5.28 with the gate voltage for MOSFETs Q1
and Q2 (from Figure 3.4). When the gate voltage is a logic high, the MOSFETs short the CT. The
expected behavior is that whenever the magnitude of the current is larger than a certain
threshold, the CT is shorted through Q1 and Q2. Figure 5.29 demonstrates that the overcurrent
protection is working as expected. The parts of the gate waveform where it is a logic low occur
when the current waveform is close to a zero crossing. In these areas, the CT current is too small
to exceed the current protection threshold.
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Figure 5.28: DC_P_REG When Tested With A Fault Current Of 1250A

Figure 5.29: Ch1: DC_P_REG (5V/div); Ch2: Q1 And Q2 Gate Voltage (500mV/div)
In order to test the 5V buck-boost regulator, a test load with a variable current was placed on the
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5V rail. When operating in buck mode, it was possible to draw up to 1.3A from the 5V rail
before the controller entered an overcurrent protection state. When operating in boost mode, it
was possible to draw up to 1A from the 5V rail before an overcurrent protection state is entered.
Figure 5.30 shows the 5V output and DC_P_REG as the overcurrent protection state is entered.

Figure 5.30: Ch1: 5V Rail (1V/div); Ch2: DC_P_REG (1V/div)
When an overcurrent state is reached, the controller will shutdown and then try to power back up
after a short period of time. This is illustrated in Figure 5.31, with channel 1 being the voltage of
the UVLO pin on the LM5118 and channel 2 being the 5V output. During an overcurrent
situation, the voltage on the UVLO pin is “reset” to 0V. After this occurs, the voltage
immediately starts charging. When a sufficient voltage is reached on this pin, the controller turns
back on and the output voltage rises. When an overcurrent state is reached again, the voltage on
the UVLO pin is “reset” again.
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Figure 5.31: Ch1: UVLO Pin Voltage on LM5118 Controller (2V/div); Ch2: 5V Rail (1V/div)
The battery UVLO circuit was tested using a variable power supply. The power supply voltage
was decreased until the UVLO circuit disconnected it from the circuit. Figure 5.32 shows this
being tested with a load of about 100mA on the 5V rail and a resulting cutoff voltage of about
3.2V.

Figure 5.32: Ch1: 5V Rail (1V/div); Ch2: VBAT_UVLO (1V/div)
The batteries have a capacity of about 10,400mAh when fully charged. The maximum charging

123

current was limited to 500mA. If the batteries had to be fully charged from a discharged state, it
would take at least 20.8 hours (assuming the CT was able to provide sufficient power for that
length of time). The whole device draws about 240mA from the batteries when operating from
battery power. Based on this, fully charged batteries would power the device without external
power for a maximum of 43.3 hours.
The lowest CT input current that the power electronics are rated for is 50A on the primary of the
CT. Because of this, it was important to observe the input voltage to the 5V and 3.3V stages
during this condition. Net DC_P_REG can be seen in Figure 5.33 and remains reasonably
constant. The droops in this voltage occur every 30 seconds and are a result of transmitting data
through the SIM module.

Figure 5.33: DC_P_REG With A CT Primary Current Of 50A
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5.13 System Integration Test
With all the sensor electronics and power electronics working on their own, it was time to
assemble the entire device and test it under several conditions. If the device passes system
integration testing, then the device will be completely functional.
5.13.1 System Integration Test Procedure
To test the final build of the distribution line multi-tool, the entire device was assembled with all
the electronic components calibrated and tested beforehand. Once the device was assembled and
clamped onto the line of the step-down transformer testing rig that was designed in Section 3.5,
the device was ready to test, as seen in Figure 5.34.

Figure 5.34: Final System Integration Test (400A)
In order to test the device to ensure that it was functioning as intended, a total of four different
scenarios were tested. These scenarios included a no current flow of 0A, a low current of 50A, a
normal operation of 400A, and a short circuit current of 1000A. The 50A and 1000A test
procedures were done on the steel rod load bank,while the 400A was done on the steel flat bar.
Once each load was connected, the step-down transformer was turned on for approximately 30
seconds to ensure that data was sent via 4G LTE. When 30 seconds had passed, the step-down
transformer was turned off and the data was analyzed for test validation.
125

5.13.2 System Integration Test Results
Each test condition and whether it passes/failed or was induction powered/battery powered can
be summarized below in Table 5.10. In the four figures below, is the data sent in the four test
scenarios.
Table 5.10: System Integration Current Test Results

Pass

0A (Open)

50A

400A

1000A (Short)

✔

✔

✔

✔

✔

✔

✔

Fail
Induction
Powered
Battery Powered

✔

As seen in Figure 5.35 below, the distribution line multi-tool was able to be powered off the
batteries and was able to collect the data from all the sensors and send it to the server.

Figure 5.35: 0A (Open) Data Collection
For both the normal operation, short, and low current test scenarios, all four tests passed. The
multi-tool was powered through induction in these scenarios. Once the step-down transformers
were turned off, the data kept sending, indicating that the battery power had turned on since no
induction was available. Examples of the data collected can be seen in Figure 5.35 - 5.38.
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Figure 5.36: 50A (Low Current) Data Collection

Figure 5.37: 400A (Normal Operation ) Data Collection
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Figure 5.38: 1000A (Short) Data Collection
In Table 5.11 below, the data collected in all the four test scenarios is summarized. All four tests
were passed and all the data collected met calibration testing done in previous sections.
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Table 5.11: Summary Of Data Collected From Integration Testing
0A (Open)

50A (Low)

400A (Normal)

1000A (Short)

Current Sensing (A)

0.54

55.56

405.3

1246

Acceleration (m/s^2)

8.4

8.05

8.12

8.89

Temperature (C°)

15.5

18.25

20

20.5

Humidity (%)

58.33

58.36

56.98

59.36

Battery Powered

✔

-

-

-

Inductive Powered

-

✔

✔

✔

SMS Sent

✔

✔

✔

✔
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Chapter 6: Conclusion
In this chapter, the accomplishments of the distribution line multi-tool are described as well as
the results of the system integration test. Also in this chapter, are future improvement
opportunities considered and the impact they could have.

6.1: Accomplishments
The distribution line multi-tool was completed and met all the engineering specifications
originally stated in Chapter 2. Table 6.1 below indicates the engineering specifications that were
achieved. While there are opportunities for future improvement, the device met the requirements
originally suggested. With the device in its current status, it is fully operational and if applied in
its current state can most likely aid in fire mitigation and give utilities more tools in protecting
the ever growing power grid.
Table 6.1: Distribution Line Multi-tool Final Specifications
Engineering Specifications
Accomplishment
Device Weight
5.8 Lbs
Current Measurement Range
0 to 3730A
Humidity Range
5-95 %
Distribution Line Movement
≥ ± 0.01m/s2
Temperature Sensor Range
-73℃ - 482℃
SIM Enabled
IoT LTE
Electronic Voltage
3.3/5V
Electronic Current Draw
200 - 300mA
Induction Power
✔
Battery Power
✔
Battery Capacity
10,400mAH
Theoretical Battery Discharging Time
43.3 Hours
Theoretical Battery Charging Time
20.8 Hours

6.2: Future Improvement Opportunities
There are several improvements that can be done to make the distribution line multi-tool a better
product. Adding new functionalities in future design iterations can make installation onto
distribution lines easier and safer, give utilities more data and resources to protect the grid and
create fire mitigation tactics, and overall create a more efficient and effective product.
6.2.1: Software Evolution
While the sensor electronics can reliably communicate with Soracom servers, there currently
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exists no functionality to communicate with the sensor electronics from the server. Being able to
send instructions back to the SIM via the existing TCP connection would open up a multitude of
possibilities for device customization. An engineer monitoring a multi-tool could prompt it for
specific error-related information, alter the format of data that is sent by the device, filter any
sent data, alter any data sampling rate or sending rate, force a device reset, alter any error
thresholds, or even customize the errors that would be stored in the error byte. Two-way
communication would also serve as the foundation for many other improvements for the project,
such as customizing program behavior as directed by the results of data trend analysis, and
closing relays (see Section 6.2.5). Additionally, the Harvest data can also be forwarded through
other Soracom services to generate alerts based on the error value.
For specific sensor improvements, there is much untapped potential in measuring current.
Currently the device can only measure instantaneous and RMS currents, and the sampling rate is
limited by the ADC’s internal clock frequency. Faster measurements allow for thorough current
analysis, such as measurement of frequency and phase, and going further, harmonic analysis (see
Section 6.2.4). The acceleration sensor can be calibrated to discern between wind-based line
sway (and related dangers) and jolts triggered by a severed line. Humidity and temperature can
be analyzed together to find combinations at which the likelihood of fire is high. While some of
these improvements will require changes in the hardware configuration as well, these changes
can increase device functionality while lowering power consumption and increasing
responsiveness.
6.2.2: Chassis Redesign
The chassis could go through several more iterations to improve the overall device. Whether
selecting more heat resilient material or changing the clamping mechanism, the overall
maintenance and effectiveness of the product could be improved upon.
While 3D printing is useful for prototyping, it has its limitations in creating perfect seals and
tolerances. If possible, the device’s chassis would be made out of carbon fiber, allowing for the
device to be more heat resilient, lighter in weight, and overall stronger. Instead of printing, the
device’s chassis would probably be injection molded.
Many line-men who install or work on power lines often use hot sticks to open close cut-out
switches or fuses. If the chassis could be attached to the power line through the usage of a hot
stick, installation could be significantly safer and easier, see Figure 6.1. Also, implementing a
C-type grounding clamp would allow for the line to be attached to the multi-tool with a hotstick,
see Figure 6.2 below [46], [47].
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Figure 6.1: Example Of Hot Stick

Figure 6.2: Example Of C-Type Grounding Clamp

Another way to improve the chassis design in regards to EMF proofing is to sandwich the EMF
material between the two plastic layers during the manufacturing process. This would allow for
the EMF material to avoid getting warped when the PCBs are installed in the side clips and
would allow for more continuous pieces of EMF to be placed. Continuous sheets of EMF
materials increases the effectiveness of blocking the 60Hz noise produced.
Light warnings could also be attached to the chassis assembly. These lights, whether through low
power LEDs or through adhesive reflectors, would help aircraft avoid distribution lines and
allow workers to indicate the device during night time scenarios.
6.2.3: FFT and Harmonic Analysis
Harmonics often go unnoticed on the power system and this is a cause for concern. Harmonics
are basically multiples of the fundamental frequency of a power system. So for example if the
power system runs at 60 Hz, then the third harmonic would have a frequency of 180 Hz.
Harmonics can be generated on the power system for several different reasons, the most common
reason being non-linear loads. Non-linear loads include inverters, computer power supplies,
variable frequency drives, and other power electronic devices. One of the biggest advantages of
having three symmetric phases is the fact that they sum up to zero at the load, however,
harmonics result in this sum not resulting in zero. Figure 6.3 shows the presence of a third
harmonic on a three phase system. Figure 6.3 shows that a distorted waveform is produced [48].
Figure 6.4 shows the effect of the third harmonic on an entire three phase system, Figure 6.4
shows that a wye connected device with third harmonics will produce a non-zero neutral current
even with balanced phases [49]. Third harmonics are the most harmful on the power system
because they result in more core losses in transformers. More core losses cause heat and often
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lead to failure of expensive transformers because of the heat and this could result in losses of
millions of dollars as well as risk to safety. Third harmonics also lead to production of neutral
current which could cause problems if the neutral wire can not carry the current in terms of
safety and damage. The detection of harmonics requires the use of a FFT or fast fourier
transform. The addition of fast fourier transforms on this device could allow for the detection of
harmonics on the power system. Detection of these harmonics could allow for less damage
caused to devices on the system. Another advantage of the detection of harmonics could be that
arcing conductors could be detected by detecting their specific fourier transform which is also
valuable information to the utility. Overall, the additional ability of detecting harmonics on this
device through the use of FFT would allow for better detection of harmonics on the system
which lead to better reliability, safety and less damage.

Figure 6.3: Effects Of Third Harmonic On AC Figure 6.4: Wye Connected Transformer With
Waveform
Third Harmonics
6.2.4: Relay Orientated Reclosing
Most modern relays have the ability to open and close a line. To make the distribution line
multi-tool even more functional and more closely related to a relay, adding actuators that would
allow for the opening and closing of a line would be beneficial. Allowing wireless reclosing
would allow for power to be cut immediately if need be. This can be especially useful when there
is severe galloping on a line, a line is falling, or when heat waves quickly arise that can create
environments prone to fires.
6.2.5: Power Electronics
There are a couple of regions that could use improvement in the power electronics section of this
project. One area is the need for a 5V supply rail. In a future revision of this project, it would be
worthwhile looking into how important a 5V supply is. The 5V supply is primarily used to power
3.3V devices through a linear regulator which is an inefficient use of energy. Another area that
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could use improvement is the battery charger topology. The linear topology was selected based
on ease of implementation and integration. However, a switching topology could be used to
create a more efficient charging system and a more elegant system topology as a whole.
The final region that could use a significant revision is the current sensing mechanism of the
power electronics. Current sensing was implemented on the CT of the power electronics in order
to measure the input current and adjust the battery charging current accordingly. At low currents
this was unreliable. This is because at low currents, a large portion of the current from the CT
flows through the magnetization branch. As a result, the current flowing through the current
sense resistor (R22 in Figure 3.4) was not sinusoidal and can be seen in Figure 6.5.

Figure 6.5: Current Waveform Output From INA240A3
This caused an issue because current sensing for the power electronics was based on detecting
the zero crossing of the sine wave and measuring the peak a quarter of a 60Hz second later. The
signal used for zero crossing originates from a hysteretic comparator. Figure 6.5 shows the
output from the hysteretic comparator. Because the rising and falling edges of this signal did not
align with the theoretical locations for zero crossing, the current measurements for the power
electronics were erroneous in low current situations and as a result, it was more difficult to set
appropriate charging currents. This would likely be addressed through communication between
the sensor electronics and power electronics. The sensor electronics can accurately measure
current and could communicate this value to the power electronics.

134

Figure 6.6: Ch1: Output Of Zero Crossing Hysteretic Comparator (0.5V/div)
Ch2: Current Waveform Output From INA240A3 (100mV/div)

6.2.6: Testing with a Variac
One of the biggest challenges with this project was producing the required current to simulate
real life power lines. This required a step-down transformer in order to take the voltage from the
infinite bus of the wall and step it down in order to produce more current because power must be
conserved so if voltage goes down the current generated must go up. The biggest challenge with
large currents was that it would cause our load banks to heat up. The heating up of the load banks
was a very big problem because this would cause the current to fluctuate a lot. This fluctuation in
current makes it very hard to accurately calibrate for given line currents and thus the test set-up
had to be turned off and on to regulate temperature and current which is not the best. The best
solution to this problem would be providing a variable AC input to the primary of the
transformer. This variable input would need to modulate between 0-120 V and able to at least
take 24 A current surges during shorts. This description fits the idea of a variac or a variable
transformer. To improve this project a Variac would be placed into the test setup shown in Figure
6.7. The Variac would allow for more adjustability and would allow for more precise calibration
of the device in the future as well as the robustness to handle current surges. An example Variac
is shown in Figure 6.8 [50].
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Figure 6.7: Improved Variac Circuit

Figure 6.8: Example Variac

6.3: Final Bill of Materials
The project cost $894.05 to make and test, as seen in Table 6.2 below. Originally, in Chapter 2 if
engineering labor is ignored, it was approximated that the project materials would cost $925.00.
Overall, the project was cheaper to build then anticipated.
Table 6.2: Final Cost Of Materials
Object

Total

Description

PCB Design 1

$14.70

Microcontroller Shield (PCB)
Tax/Shipping

PCB Design 2

$41.25

Power Board, Humidity Board, Revision Of Sensor
Board

First Digikey Order

$96.31

Microcontroller
Temperature Sensor
Thermocouple
Humidity Sensor
Bypass Caps
Shipping/Tax
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Second Digikey Order

$161.04

Components To Fill The Power Board, Sensor board,
And Revision Of Sensor Board

Testing Transformer

$101.66

1/0 copper cable
Assorted Heat Shrink
Twist Cap
Aluminum Flat Bar
Microwave Transformer
Lumber + Fee
Clamp Set (x4)
Electrical Faceplate
JB Weld
Lug Set (x2)
Machine Screws
Wood Screws
15A Breaker
PVC Electric Box
14 Gauge Green
14 Gauge Black
14 Gauge White
Ring Terminal (x15)
Home Depot Run 1 Tax
Concrete Half Block
Washers
Threaded Zinc-Steel Rod
Steel Flat Bar
Nuts
Home Depot Run 2 Tax

Power Current Transformer

$151.91

CT
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Tax/Shipping
30 Resistors
Tax/Shipping
Measuring Current Transformer $106.67

CT
Tax/Shipping

SIM Card Stuff/ NEED 3G or
4G

$70.01

Module

$5.00

Subscription

$5.00

SIM
Tax/Shipping

Chassis Module

Total Cost

$50

Hatchbox PLA

$20

Cable (16 Gauge Stranded, 12 Gauge Solid Core)

$10

Machine Screws

$22

Neoprene Rubber

$11.98

Gorilla Glue

$13.99

Cable Grommet

$5.89

RTV Silicone

$6.65

Tax/Shipping

$894.06
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Appendix A - Senior Project Design Analysis
1. Summary of Functional Requirements
Many of the requirements and specifications of this device are based on the nature of the
power industry itself. Devices out on the power grid need to be resilient, reliable, and
long lasting. With California having different seasons and climates, the power line
multi-tool needs to be able to endure weather conditions and need low maintenance to
provide a worthwhile financial investment. Since power lines are elevated in the air and
carry the hazard of dealing with high voltages on live circuits, installation needs to be
practical, easy, and safe. Maintenance of the multi-tool and the need to modify existing
power lines also needs to be limited due to the hazards of height and voltage. With these
high voltages, power companies need for the device to be reliable. The multi-tool also
needs to be considerate of its weight and type of material used since weight can cause
powerlines to have unwanted tension and the material type can errode due to the
elements. Utilities value reliability heavily because when customers lose power, it costs
the utility money and resources for repair/maintenance.
A medium for data collection that minimizes new communication infrastructure is
preferred in order to minimize additional investment besides the device cost. Using
wireless transmission, such as 4G, to send the data to a centralized hub allows for the
collected data to be sent and helps give a location proximity where the fault occurred or
where fire conditions are a potential threat. The data relating to distribution line load
needs to be collected at a rate faster than a single AC wave cycle because this is the only
way event analysis could occur effectively. Collected data needs to be meaningful,
especially if fire mitigation tactics are going to be used with the data processed by the
multi-tool. Besides just electrical conditions, environmental conditions can be used for
fire mitigation. For these reasons, several sensors that can give feedback on the
environment were chosen. These sensors include a humidity and temperature sensor for
ambient weather based feedback, an accelerometer for detecting falling power lines or
galloping/swaying, and a current sensing module that allows for normal and transient
current measurements to be taken.
2. Primary Constraints
There are a couple of constraints that make this project difficult. One of the constraints is
ensuring that the device requires little to no maintenance. This means that the device
must be exceptionally low power if it runs on battery or it must gain its power from the
distribution line through induction. The feedback needed to determine whether or not to
use induction power or batteries will be an intricate design and rely on advanced power
electronics. An additional challenge is designing an enclosure that is cost effective, can
withstand weather over many years, shielded from electromagnetic fields, and overall
lightweight. Another constraint is that each device should wirelessly communicate with a
centralized hub without needing to install new wireless infrastructure on power lines.
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3. Economic
Large scale implementation of this project would result in human capital involved in the
manufacturing, assembly, distribution, and implementation of the distribution line
multi-tool. This project would require financial capital in order to produce at any large
scale and further verify the functionality and safety of the device before implementation
on the power system. The distribution line multi-tool production consumes natural
resources used in the production of the enclosure, PCB, semiconductors, and current
transformers. The primary cost of the device would be in the initial purchase but could be
reduced as revisions to the product is done and assembly is automated. These devices are
designed to keep installation time to a minimum and should require little to no
maintenance, so these costs should be relatively small. The project would be paid for by
utility companies who are interested in what the product has to offer. The estimated parts
cost per device is $895, excluding the labor cost to put it together. The manufacturing of
each aspect of the device would likely be outsourced, so little tooling would have to be
acquired in order to assemble each device. The amount that the project earns would
depend on how well it is adopted by companies. Individuals who would profit are anyone
whose employment is supported by this device. This product could have a lifetime of
several years and require little maintenance if the chassis can prevent any environmental
damage to the electronics.
4. Commercial Basis
If the multi-tool were to be mass produced on a commercial basis, then a conservative
approximation on the number of devices sold can be directly correlated to the number of
new distribution poles erected a year. According to research done, approximately six
million poles are added annually in the United States alone. While this device would be
first used in California and later adopted by other states, the 6 million poles can be
divided by 50 (total number of states) to get roughly 120,000 poles California would
place in a year [51]. Since there are five major power utilities in California ( LADWP,
PG&E, SMUD, SDG&E, SCE), each utility would provide about 24,000 poles
throughout the state. Since the majority of distribution lines have three phases, the
120,000 poles made every year can be multiplied by three to get the number of
multi-tools needed. This calculation yields 360,000 distribution line multi-tool devices in
the state of California installed each year. In order to find the manufacturing cost of the
device, labor of assembly and testing needs to be considered. If it takes one hour to
assemble the device and another hour to test the device to ensure functionality and
accuracy, at 20 dollars an hour, labor cost would be about 40 dollars per device. Taking
into account the actual sensors, hardware, device material, and needed circuitry, the total
manufacturing cost of one device is about 865 dollars, see Table A.1.
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Table A.1: Manufacturing Cost Per Device
Cost
Labor

$40

Sensing Current Transformer

$100

Power Current Transformer

$100

Humidity / Temperature Sensor

$10

Accelerometer

$5

Microcontroller

$60

RF Module

$100

PCB and Components

$200

Hardware (Screws, Bolts, Adhesive, ….)

$50

Device Casing/Material

$200

Total Amount

$865.00

In regards to the actual selling of the device, it is a common practice to sell a component
or device for twice the amount of what it takes to manufacture the device. Each device is
to be purchased at around $1,730, which is twice the manufacturing cost. Taking the
selling cost of each product, the profit of each device sold will be about 900 dollars.
Taking the profit per device multiplied by the number of new poles a year installed in
California and the number of phases, 900 profit*120,000 poles *3 phases/pole, a net
profit of 324 million would be netted yearly if the product were sold. For a utility for
LADWP, whose budget is 6 billion dollars, to purchase 72,000 devices (24,000 poles * 3
phases/pole), it would cost roughly 124.68 million or two percent of their yearly budget
[52].
In regards to the cost of operating such a device, if each device takes roughly five watts
to operate and there are 8,760 hours per year, then it takes 43.8 kWh to operate a device a
year. On average, California charges its residents 16.67 cents per kWh and taking an
approximation that it costs the utility 8 cents per kWh, then each device takes about $3.65
to operate on a yearly basis.
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5. Environmental
The environmental impacts associated with manufacturing this device would be any
impacts associated with semiconductor, transformer, PCB, and enclosure manufacturing
processes. The product uses no natural resources under normal operating conditions
except the energy needed to power the electronics through induction or charge the
rechargeable batteries. The batteries found in the device are lithium-ion. These batteries
require the mining and refinement of lithium. The mining and manufacturing of lithium
batteries can affect the environment if steps are not taken to prevent the release of fumes
or the incorrect disposal of chemicals. The PCBs and other electronics require the
production of silicon, which go through complex chemical processes and detailed
refinement. Steps not taken in the creation of silicon based electronics can be hazardous
to the environment. The chassis is made out of PLA, Polylactic acid, which is
biodegradable. PLA being biodegradable allows for the chassis to be naturally recycled
and should not provide any environmental impacts.
The operation of the device should have no negative impacts on existing ecosystems and
should actually benefit ecosystems as it seeks to prevent fires. No other species should be
negatively impacted through regular operation. Some species may benefit from this
device as wildfires are prevented.
6. Manufacturability
One issue that may arise is the demand of current transformers. If 360,000 devices are to
be constructed, then 720,000 current transformers are going to be needed in the
manufacturing process.Each device requires two current transformers. A wait time can
ensue, if the company that produces the current transformers is backlogged or needs more
time to deal with such a high demand of their device. If the current transformers are
backlogged, then a delay of the number of distribution line multi-tools manufactured will
be decreased or at least limited. The soldering of the PCBs was done by hand. However,
if the product were to be mass produced, automated machinery would solder all the PCBs
with humans only needed to assemble the chassis, adhere the EMF shielding, and attach
larger components. Similar to the demand of transformers, if 360,000 devices are to be
made, then 1.44 million batteries are to be demanded with each device taking four 18650
batteries. The sudden demand for these batteries can create a backlog until manufacturing
is adjusted.

7. Sustainability
The device should require little to no maintenance over its lifespan, so this likely would
not pose a challenge if they are implemented on a large scale. Due to the product's long
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lifespan, it is an efficient use of natural resources. The batteries should be the only
component in the device that may need to be changed very few years if they are unable to
retain a charge. The PCBs, sensors, and the chassis itself are heat resilient and the
weather and dust proofing done make the overall device water and particle resilient.
While the device should not need maintenance often, the fact that the device is modular
allows for the opportunity for parts to be replaced with ease. When designing the product,
it was taken into account the eventual need for maintenance. The components inside the
device were made to be removable and replaceable. Reparability of the device was
influenced by iFixit's repair guide [53].
If the product successfully plays a role in preventing fires, then the sources that are often
lost in fires, will be conserved and can be used for other aspects in the community.
Upgrading the design would likely focus on improved safety, reliability, and product
lifespan. While these can be challenging aspects improve, they are achievable and would
not hinder the evolution of the product or the market.
8. Ethical
This project has valuable data on the power grid that could help utilities with load
management as well as help with fire mitigation and reduce time on damage reports and
protective relay misoperations. This data will need to be securely transmitted in order for
the wrong people not to have access to the data and cause harm to the grid through their
malicious efforts. The load data could be misused as a targeting source to take out the
largest amount of load. The location services within the device could also be used to
locate essential infrastructure. One of the first rules of the IEEE Code of Ethics is that the
safety of the people should be held as paramount and thus the encryption of this data
must be one of the most important parts of this project for the IEEE Code of Ethics [54].
While the production of the device, especially at such a large scale, will demand many
resources that are often criticized in their refinement process, the device itself has many
factors that can aid in the well-being of the community. The process of creating PCBs and
batteries will be allocated to responsible companies that do no impede on IEEE’s second
rule of ethics: “to accept responsibility in making decisions consistent with the safety,
health, and welfare of the public, and to disclose promptly factor that might endanger the
public or the environment.” If the overall device is able to prevent fires successfully, then
lives, property, and communities can be saved.
“To maintain and improve our technical competence and to undertake technological tasks
for others only if qualified by training or experience, or after full disclosure of pertinent
limitations” and “to seek, accept, and offer honest criticism of technical work, to
149

acknowledge and correct errors, and to credit property the contribution of others,” are
two IEEE ethics that are relate to this project. The overall design of the product and
safety will be validated with specialists and other experienced engineers if the overall
device were to be mass-produced. The feedback and honest criticism will be taken and
necessary design iterations will be taken to prevent any hazards to people or the
environment.
9. Health and Safety
The actual installation of the device is hazardous since high voltages are being dealt with
at an extremely elevated height of around 40 feet [55].Since power lines are elevated in
the air and carry the hazard of dealing with high voltages on live circuits, installation
needs to be practical, easy, and safe. Maintenance of the multi-tool and the need to
modify existing power lines also needs to be limited due to the hazards of height and
voltage. With these high voltages, power companies need for the device to be reliable.
The line-men or construction employees need to have the proper training on how to
install and maintain the device while always taking into account their safety and the
safety of others.
The reliability of the device needs to be at an extremely high threshold. If a utility is to
rely on this information collected from this device, then it needs to be consistent and
accurate. There cannot be any missed data collections, especially if a pole were to fall or
a fire were to break out in a nearby area. Missed data collections defeat the purpose of the
device as this device is to alert the appropriate authorities in dangerous events and
prevent the loss of life or destruction of property.
When soldering components or dealing with the manufacturing process of batteries or
PCBs, necessary precautions need to be taken to avoid fumes being breathed in by
employees or released into the atmosphere.
10. Social and Political
This project may have large impacts on the social and political spectrum. In regards to
social aspects, the device can affect several factors. When a customer is without power,
even for short durations, they can get frustrated and scold utility companies. These
outages often occur in the summer when the demand for load is higher than anticipated or
when utilities turn off power to prevent any outbreak of fires. The device has the
capability to notify the utility fire hazards in specific locations and allow for more
generation to be anticipated during specific seasons.. In doing so, the utility can take the
necessary precautions to avoid fire outbreaks and the under production of electricity.
Removing plants around distribution lines, watering areas more prone to fire, or adding
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mechanical dampeners to areas of high wind or galloping are all precautions utilities can
take with the device’s data collections. If the power were to be cut-off less often in
specific areas, then tensions between the customer and utility can be alleviated.
The device can cause politically motivated discussions, especially if it can save people’s
lives and communities by preventing fires. While saving lives is a prime motivator for
political talks, the fact that fires cause millions of dollars in damage a year will get the
right politicians talking about the necessity for devices like this. Saving money lost in
fires can be allocated to other pieces of legislation or to socioeconomic relief. Preventing
any power outages can also give politicians the right topic points, especially if losing
power at crucial institutions such as hospitals, elderly homes, or schools can be reduced
in any capacity. Any money that can be saved and invested in other aspects will please
stakeholders.
11. Development
Several new tools and techniques had to be learned in order to develop and design the
distribution line multi-tool. With the outbreak of COVID-19, 3D printing at California
Polytechnic State University, San Luis Obispo, became impossible and led to the
purchasing of the Creality CR10 V2 to aid in the prototyping of the project. With the
purchasing of the printer, techniques and software, such as slicers, had to be learned to
print the chassis. New integrated circuits and PCBs designed allotted new time to
learning new software and learning new material. Research in the field of RF had to be
researched and tested so that sufficient EMF shielding could be applied to the device.
Research had to also be done in waterproofing, chassis material selection, and mechanical
design. The sensor and microcontroller themselves had to be researched sufficiently to
utilize in the device. 4G protocols were also extensively researched to implement
wireless communication. One of the biggest aspects for developing new tools and
techniques for the device was to integrate components to the product that the competitors
do not have.
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Appendix B - Measurement Devices

Figure B.1: All The Measuring Equipment Used
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